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SYNOPSIS 
An investigation is described into the effect of an external rotor 
circuit impedance on both the steady state and the transient behaviour of 
a 3-phase slip-ring induction motor. The external impedance took the form 
of a 3-phase resistor, capacitor, or saturistor and attention is directed 
towards the differences in the current, torques and speeds of the motor 
produced by the extra circuit components. 
From a theoretical point of view, the inclusion of the resistor or the 
capacitor represents a fairly straightforward extension of well established 
methods by which the performance of induction motors has been investigated, 
but the inclusion of the non-linear characteristic of the saturistor in a 
transient study requires careful consideration. Several methods are therefore 
proposed by which this may conveniently be accomplished in a numerical 
solution of the machine equations. Experimental \~ork to support the 
theoretical study was carried out on a 3-phase induction motor directly 
coupled to a d.c. generator. Opto-electronic instrumentation was developed 
to provide signals proportional to the speeds and torques, and these were 
transmitted to a computer for processing and presentation in graphical form. 
Numerous transient conditions were examined - including plugging, dynamic 
braking, starting and reswitching to the same or new supply - and except for 
the transient conditions when saturistors were included the experimental 
and theoretical results were,generally in good agreement. 
,i 
The t~esis also descr'ibes an investig:ttlcin into the effect of 
introducing diodes at various points in the stator circuit of the motor. 
Several recent publications have claimed that this leads to improved methods 
of dynamic braking, and a theoretical and experimental comparison is 
therefore made to assess the relative merits of the different possibilities. 
Because of the imbalance, the inclusion of diodes introduced into the motor 
, 
configuration, it is now necessary to use a phase model of the machine 
rather than the simpler d-q model used in the previous consideration. 
ACKNOWLEDGEMENT 
The author would like to express his thanks to Dr. S. Williams 
for supervising the project, and to Professor I.R. Smith for 
guidance, help and advice. 
The author would also like to thank Professor W. Shepherd of 
the.University of Bradford for his help and the discussion of the 
saturistor motor problem. 
Special thanks and gratitude go to the Government of the 
Republic of Iraq for the financial support which made this work 
possible. 
Thanks are also due to the author's family, in particular, 
his wife for the excellent support and patience in bearing the 
most difficult periods of this work. 
\ 
CONTENTS 
SYNOPSIS 
ACKNOWLEDGEMENT 
LIST OF PRINCIPAL SYMBOLS 
Chapter One: INTRODUCTION 
Chapter Two: ANALYSIS OF A 3-PHASE INDUCTION MOTOR 
2.1 Introduction 
2.2 3-phase induction motor model 
2.2.1 Direct phase quantity method 
2.2.2 Stationary Z-axis (d,q) model 
2.3 Speed and angular position of the rotor 
2.4 Stator voltage during disconnection 
2.5 Reswitching condition 
2.6 Computer program 
Chapter Three: 3-PHASE INDUCTION MOTOR WITH SECONDARY CAPACITORS 
3.1 Introduction 
\ . 3.2 Machine differential equations 
3.2.1 Direct phase model 
3.2.1.1 Numerical solution of the system 
equations 
3.2.1.2 Electromagnetic torque 
3.2.2 D-Q model 
3.2.2.1 Numerical solution of the system 
equations 
3;2.2.2 Electromagnetic torque 
3.3 Calculation of the system initial conditions 
3.4 Computer program 
3.5 Analytical solution of the machine currents 
3.6 Equivalent circuit of the machine 
3.7 Steady-state characteristics 
3.8 Calculations of the maximum torque 
3.8.1 Rotor resistance required to produce 
maximum torque . 
3.8.2 Capacitive reactance for maximum torque 
3.8.3 Slip for maximum torque 
PAGE 
. 1 
5 
11· 
12 
13 
15 
16 
20 
20 
24 
28 
28 
29 
31 
31 
33 
34 
35 
36 
36 
42 
43 
45 
46 
47 
48 
,/ 
3.9 Starting current and torque 
3.10 D.C. dynamic braking torque 
3.11 Determination of an appropriate capacitive 
reactance 
PAGE 
49 
51 
53 
Chapter Four: SATURISTOR MOTOR 
4.1 Introduction. 54 
4.2 Performance of the saturistor 58 
4.2.1 Electrical parameters 58 
4.2.2 Current and voltage waveforms 60 
4.2 .. 3 Performance of the saturistor motor 60 
4.3.4 Construction of the saturistor 60 
4.3 Design of the saturistor 63 
4.3.1 Calculations of the electrical parameters 63 
4.4 Mathematical model of the saturistor motor 68 
4.5 Transient performance of the saturistor motor 69 
4.5.1 Methods dependant on the parameter 
characteristics of the saturistor 69 
4.5.1.1 Direct-phase and D-Q models 69 
4.5.1. 2 Inductance rate of change with 
respect to current method 70 
4.5.2 Methods dependant on the B-H loop 71 
4.5.2.1 . Determination of the induced 
voltage 73 
4.5.2.2 Incremental or differential 
penneability 74 
Chapter Five: SELF-EXCITED DYNAMIC BRAKING SCHE~IES 
5.1 Methods of simulating switching devices on 
digital computers 76 
5.1.1 Resistance representation method 76 
5.1. 2 Branch elimination method 77 
5.2 Formulation of the network equations 78 
5.3 Computational logic and computer program 83 
5.4 Dynamic braking methods 85 
5.4.1 Diode short-circuit braking system 86 
5.4.1.1 Network analysis 86 
5.4.1.2 Discussion of the results 89 
5.4.2. Dynamic braking by a single-phase supply 89 
5.4.2.1 Single phase operation 89 
5.4.2.2 One diode in a single phase supply 90 
5.4.2.3 Two diode in a single phase supply 91 
5.4.2.4 Discussion of the results 93 
5.4.3 Plugging with 2-diodes ina 3-phase supply 94 
5.3.4.1 Circuit analysis 94 
5.3.4.2 Discussion of the results 97 
5.5 Conclusion 98 
PAGE 
Chapter Six: SPEED Al'lD TORQUE MEASURE~1ENT 
6.1 Principle of the system 102 
6.2 Calculations of the speed and torque of the machine 102 
6.3 Limitations of the system 103 
Chapter Seven: THE TRANSIENT BEHAVIOUR OF INDUCTION MACHINES 
FOLLOWING VARIOUS SWITClIING- CONDITIONS 
7.1 Experimental procedure 
7.2 Starting conditions 
7.2.1 Transients in the basic motor 
7.2.1.1 Transient current 
7.2.1.2 Transient startIng torque 
7.2.2 Transients in a secondary-capacitor motor 
.. 7.2.2.1 Starting current transients 
7.2.2.2 Starting torque transients 
7.2.3 Starting transients in a saturistor motor 
7.2.3.1 Transient starting current 
7.2.3.2 Transient torque 
7.2.4 Starting transients in a motor with rotor 
circuit resistance 
7.2.4.1 Transient starting current 
7.2.4.2 Transient starting torque 
7.3 Disconnection conditions 
7.4 Reswitching conditions 
7.4.1 Plugging conditions 
7.4.1.1 Transient current 
7.4.1.2 Transient torque 
7.4.2 D.C. dynamic braking 
7.4.2.1 Transient current 
7.4.2.2 Transient torque 
7.5 Transient speed 
Chapter Eight: GENERAL CONCLUSIONS 
REFERENCES 
8.1 Rotor-circuit capacitor motor 
8.2 Saturistor motor 
8.3 Diode-braking schemes 
8.4 General comments 
8.5 Suggestions for further work 
8.5.1 Secondary circuit capacitors motor 
8.5.2 Saturistor motor 
8.5.3 Diode braking schemes 
105 
106 
106 
107 
108 
109 
109 
110 
III 
112 
113 
114 
114 
115 
116 
117 
117 
118 
119 
120 
121 
123 
124 
128 
130 
132 
134 
135 
135 
135 
136 
137 
APPENDICES: 
Appendix A: DIFFERENTIAL EQUATIONS OF TIlE INDUCTION MACHINE 
A.1 Direct phase model 
. A.2 Stationary 2-axis (D-Q) model 
A.2.1 Transformation from 3-phase to 2-phase 
rotational model 
A.2.2 Transformation from 2-phase rotational 
to stationary 2-axis model 
Appendix B: I~\CIIINE PARA~1ETERS 
B.l Electrical parameters 
B. 2 ~lechanica1 parameters 
B.2.l Moment of inertia 
B.2.1.1 Kinetic energy 
B.2.1.2 Retardation test 
B.2.2 Friction and windage equation 
Appendix C: NUMERICAL INTEGRATION ~IETI!ODS 
C.1 Runge-Kutta methods for 1st-order differential 
PAGE 
143 
146 
147 
151 
i53 
154 
154 
154 
155 
. 156 
equations 159 
C.2 Runge-Kutta methqds for higher-order differential 
equations 161 
C.3 Trapezoida1 method 162 
~pend~: INSTANTANEOUS SPEED MEASUREMENT CIRCUIT 
0.1 Block diagram 
Appendix E: 
0.1.1 Pulse generating stage 
0.1.1.1 The source and sensor assembly 
0.1.1.2 The comparator circuit 
0.1.1.3 Pulse shaping circuit 
D.1.2 The pulse processing stage 
0.1.2.1 Time counting circuit 
0.1.2.2 Interface fu,d computation 
DIGITAL CmlPUTER PROGRAMS 
E.1 Basic motor 
E.2 Secondary-circuit capacitor motor 
E.3 Saturistor motor 
E.4 Self-excited braking schemes 
E.4.1 Program DIOSllORT 
E.4.2 Programs DIOPIlASE 0,1,2 
E.4.2.1 Program DIOPIIASE 0 
E.4.2.2 Program DIOPIIASE 1 
E.4.2.3 Program DroPIlASE 2 
E.4.3 Program DIOPLUG 
E.5 Speed measurement technique 
164 
164 
164 
165 
165 
166 
166 
167 
168 
168 
169 
170 
171 
171 
172 
172 
172 
173 
173 
174 
LIST OF PRINCIPAL SYMBOLS 
i instantaneous current A 
I rms current A 
I - direct current injected in the machine windings A d.c. 
v instantaneous voltage V 
V,E rms voltage V 
R, leakage inductance per phase H 
~I . mutual inductance H 
L self inductance per phase H 
C capacitance per phase F 
x leakage reactance per phase n 
Xm magnetizing reactance per phase n 
X reactance-per phase n 
Xc capacitive reactance per phase n 
R,r resistance per phase n 
p numQer of pole pairs 
electromagnetic torque 
transmitted torque 
moment of inertia 
power ·loss 
flux density 
magnetic field intensity 
number of turns 
Nm 
Nm 
2 Kg-m 
W 
-,-~ 
A'.Jm 
w synchronous speed 'elec. rad./sec. 
s 
s 
- S 
. 
S 
.-
S 
& 
t 
'" p 
p 
slip under motoring conditions 
slip under d.c. dynamic braking conditions 
angular position 
angular speed 
angular acceleration 
instant of switching to a balanced supply 
total flux 
flux linkage 
power loss/unit volume 
operator d/dt 
elec. rad. 
elec. 
elec. 
rad./sec. 
,. 
rad/sec. 
Wb 
Wb-T 
W/m3 
Suffices: 
1,2 
s,r 
D,Q 
d,q 
a,a 
A,B,C 
a,b,c 
p,n,z 
st 
e 
denote stator and rotor 
denote stator and rotor 
denote direct and quadrature axis 
denote direct and quadrature axis 
denote a and a axis 
denote 3-phase, stator quanti ties 
denote 3-phase ,rotor quantities. 
of the stator 
of the rotor 
denote positive, negative and zero sequence quantities 
denote saturistor 
denote Thevenin equivalent quantities 
Other symbols are defined as they occur. 
CHAPTER ONE 
INTRODUCTION 
-1-
The occurance of transients in an induction motor following various 
switching and reswitching conditions has been knOlffi for a long time, and 
. . ( 1-27) . d hI· b h h h . 1 many 1nvest1gators have 1ntereste t emse ves 1n ot t e t eoret1ca 
and practical aspects of this problem. However, almost all these investi-
gations have been confined to conventional machines, with little attention 
having been paid to the effect of additional components connected in either 
the rotor or the stator circuits. 
C-
The additional components are normally introduced to improve some 
particular feature of the performance of the motor and by introducing 
various 'capacitor combinations in the rotor circuit, Shepherd et al (39 ,42) 
have found it possible to obtain an increased braking torque at high speed 
during dynamic braking. ( 46-50) Furthermore, Gunn, Alger and others have 
developed and introduced a device (the saturistor) possessing electrical 
parameters which vary linearly with the frequency and non-linearly with 
the level of the exciting current. Thus, when a saturistor is connected 
in the rotor circuit, its impedance refered to the stator is indcpend~~t 
of the slip frequency but is a function of the rotor current. This results 
in a high locked rotor torque/ampere of stator current and a flat torque-
speed curve at low speed, and also in a reduced inrush current on 
switching to the supply. Additionally, at full speed, when the rotor 
current and slip frequency are low, the saturistor impedance becomes 
(51-55) 
negligiably small. It is also found that at the commencement of d. c. 
,dynamic braking, when both the rotor frequency and currents are high, the 
impedance of the saturistor is high and predominantly resistive,resulting 
again in an increased braking torque. Methods of analysing the induction 
motor with additional rotor-circuit impedance are based mainly on the 
-2-
0'1.(0) 
steady-state performance of the motor,' . and almost nothing has appeared 
in the literature on the effect of these ndditional impedances on the 
consequent transient behaviour. A furth('lr important innovation has been 
the \ddespread adoption of thyristors nthl diodes in machine control 
situations, and important among these lr. the use of such devices to 
improve the dynamic braking performanc.e lit the same time as eliminating 
(67-'In 
the need for a separate d.c. source. 
The main objectives of this thesis ore: 
. a. to investigate the effect:1 of the rotor-circuit impedances 
on the transient behaviolll' of the induction motor under 
various switching conditions. 
b. to study the efficiency 01' the diode braking schemes and to 
compare the braking performance of such schemes with those 
of the various rotor-circul.t impedances, for coriventional 
d. c. dynamic braking conditions. 
Because of the nature and the non-llnear behaviour of the various 
elements added to the machine circuit, It was found difficult to develop 
, 
a unified analytical, and thus computational, approach without sacrificing 
either computational time or simplicity of programming. Consequently the 
various machine arrangements were analy~ed individually. 
This thesis begins with an analysi~ of the basic motor as a suitable 
starting point for the later inclusion of the additional components. 
Differential equations for the motor untter various switching conditions 
are therefore derived in both direct-phftse and stationary 2-axis (d,q) 
form. The mechanical differential equat ions for the rotating system are 
-3-
derived in terms of the transmitted torque and the mechanical character-
istics of the coupled load. Chapter 3 is devoted to the analysis of the 
motor with rotor circuit capacitors. Since the differential equations 
developed for this arrangement are in 2nd-order form, they are expressed 
in terms of the charges and the currents in the machine and equations in 
terms of charges and in d,q form are found to be more convenient in the 
calculation of the machine trrulsient performance than the equations in 
terms of the machine currents. The transient behaviour of the motor is 
investigated under three typical switching conditions, namely starting, 
plugging, and d.c. dynamic b.raking, with the effect of the capacitors on 
the motoring and braking performance being calculated from the parameters, 
of the machine equivalent circuit derived from expressions for the 
transient stator and rotor currents. Following this, a study of the 
saturistor and its effects on the performance of the induction motor is 
given in Chapter 4. Since the saturistor is not yet commercially 
available, a procedure for the design and construction of a saturistor 
which enables the induction motor to develop a specific torque is outlined. 
The electrical parameters of the saturistor were measured 'following the 
• . . • (46,47) prmc1ples estabhshed prenously, , and found to vary non-linearly with 
excitation. This feature makes the calculation of the motor perrormance 
no longer straightforward, and the rotor currents are required to be 
known in advance in order to determine the associated saturistor parameters. 
In other words, to calculate the motor currents the rotor currents are 
'guestimated' and an iterative process is followed until a consistent 
solution is obtained. The non-linearity of the parameters also affects 
the choice of the analytical method used in the calculation of the transient 
-4-
performance of the saturistor motor and several methods were therefore 
developed for this purpose. Some of these are based on the use of the 
measured parameters in a step-by-step technique,while others calculate 
the voltage drop in the saturistor using the B/H loop of its magnetic 
core. All the methods are based on a direct phase model of both the motor 
and the saturistor, and the first approach is found to yi.eld an acceptably 
accurate result when compared with the experimental results. On the other 
hand the alternative approaches are found to give results of limited 
accuracy. 
When halfwave rectified currents are injected into the windings of an 
induction motor, a non-rotational mmf is produced and a'braking torque is 
developed. On the basis of this behaviour, several schemes (61-72) with diodes 
in either the stator or the rotor circuit of the motor have recently been 
proposed, both to improve the dynamic braking performance and to avoid the 
need for a separate d.c. supply. Since, the schemes have been investigated 
under various supply and loading conditions using different motors, a 
comparison between their efficiency is difficult. An overall assessment 
of these schemes is therefore presented in Chapter 5, where methods to 
, 
simulate the switching devices on a digital computer are summarized and a 
comprehensi ve analytical/mathematical technique to solve the netlqork 
differential equations is derived. This technique is based on the branch 
elimination method of simulating a diode, in conjunction with the 
conventional tensor approach to electrical networks. This method is found 
to cope efficiently with the changes in the network topology caused by the 
different conduction modes of the diodes. Since these changes cause 
corresponding changes in the network impedance matrix; it is therefore 
-5-
preferable to describe the netlwrk by a set of differential equations 
based on a direct-phase, rather than a d,q model. Schemes with diodes 
in the stator circuits are considered, but by the introduction of slight 
modifications to the connection tensors, schemes with diodes in the rotor 
circuit can also be analysed. 
On the basis of the differential equations derived for the various 
schemes, a considerable computational effort was required to devise 
several digital computer programs to calculate the corresponding transient 
performance. These programs may be grouped into: 
a. programs based on a d,q model and used to analyse the basic 
machine I~ith additional linear elements such as rotor circuit 
capaci tors, 
b. programs based on the direct phase model and used to analyse 
machines with additional non-linear elements such as saturistors 
and diodes, 
although there are significant differences between the programs of each 
group. The numerical integration method used· in all the programs is 
based on the 4th-order Runge-Kutta procedure, which is found to be 
suitable and sufficiently accurate for the required calculations which 
h 1 b d b "" t" (18-20) ~ ""1 as a so een use y many prev10us 1nves 19ators ~or S1m1 ar 
problems. 
Throughout this thesis, the theoretical investigations are supported 
by a considerable programme of experimental work. 
The final appendix contains a paper based upon the work described in 
part of this thesis, and presented at the Universities Power Engineering 
Conference held at Loughborough University in April 1979. 
CHAPTER Two 
ANALYSIS OF A 3-PHASE INDUCTION MOTOR 
•• .J" 
, 
• 
, 
-6-
2.1 INTRODUCTION 
Simplicity of manufacture, its ruggedness and an ability to withstand 
misuse, make the induction motor particularly well-suited for industrial 
drive applications. Because of its widespread use, the induction motor has 
been the subj ect of many theoretical and practical developments, and many 
workers have been attracted to the study of these developments for both 
steady state and transient behaviour. 
By using the well-knDlI'l1 ICirchhof:l' Lm~s, mathematical models describing 
the transient performance of 3-phase induction machines may be derived in 
different \~ays P ,2 ,3) Some of the resulting differential equations have 
non-linear coefficients, and in order to obtain an analytical solution 
certain assumptions are necessary in order to linearize the coefficients. 
Lyon(l) assumed that tne speed remains unchanged for a short period 
following connection to the supply, and by using symmetrical components he 
derived an expression for the transient currents and torque from the roots 
of the associated characteristic equation. Ku~4) on the other hand, used 
the Heavside Operational method to solve the differential equations, ~Ihich 
he derived from the symmetrical components of the stator and rotor currents 
of the machine. He also compared his computed results with the experimental 
current transients in a 3-phase induction motor fOllowing sudden changes in 
the terminal voltage. Chidabara and Gan~path/5) adopted Lyon's tecl,nique 
to obtain analytical expressions for the torque transients following 
different supply switching conditions. Since the vertical axes of the 
experimental transients, obtained from a capacitive, strain gauge torque-
meter, were not calibrated, comparison with theoretical curves is therefore 
complicated. Smith and Sriharan (6) als'o used instantaneous symmetrical 
-7-
components, in conjunction with the Laplace transformation, to derive an 
analytical solution for the machine transient performance. TIleoretical 
and experimental curves of the machine transients, for different initial 
speeds, were compared. Rudenburg(7) developed a solution for the transient 
currents which arise in the stator and r,?tor of an induction motor subj ected 
to different switching conditions, and this solution was subsequently used 
by Enslin, Kaplan and Davies (8) to obtain expressions for the instantaneous 
torque components in terms of the machine speed, and the switching instant. 
Calculated torque-time curves follOl;ing switching of a 1 hp motor to the 
supply at different initial speeds showed that some discrepancy in magnitude 
from the corresponding experimental results occurred when the slip was 
greater , than unity. 
Another approach to the solution of the differential equations of 
induction machines is to transform these in an appropriate way into a 
simpler model. This wili overcome the difficulties arising from the non-
linearity of the time-dependant coefficients. Stanle/2). adopted Park 's (9) 
stationary-axis approach to derive general differential equations for 
several A. C. machines, in a form consistent with what is nOl; referred to as 
the general theory of electrical machines. Stanley's equations have been 
solved with the aid of a differential analyzer, with special reference to 
plugging, by Giliflan ~d Kaplan~lO) who 'also considered the effect ef the 
machine parameters on the transients. HOI;ever since no experimental results 
were included with the analysis, the accuracy of the computed transients is 
bound to be in question. Maginniss and Schultz(ll) also used a differential 
S analyzer, and assumed a linear change in the acceleration of the machine 
't'\ 
when analyzing the transient performance following a sudden change in the 
-8-
voltage or to plugging at various speeds and switching instants. Waygandt 
and Charp(12) again used a differential analyzer'to solve the differential 
equations of a servomotor and they obtained current transients and speed 
response curves which compared well with experimental results. Hughes and 
Aldred(13) simu1ated"on an analogue computer, the differential equations 
of an induction motor in d,q coordinates-. They introduced the effects of 
variable speed in their model and presented theoretical results for the 
transient starting performance- for a 2-phase servomotor and a 3-phase, 2-
speed 300/130 hp motor. Results for operation of the 2-phase machine on 
unbalanced supply conditions were also presented and some experimental 
verification of the work \~as given in the form of the starting transients 
of the 3-phase motor. Wood, Flynn and Shanmugasundaran (14) produced 
experimental results for the starting transients in a 3-phase squirrel-cage 
motor for application of the supply at different switching 2.ng1es and also 
during reconnection at different speeds. 
The development of fast digital computers provides another means for 
solving the machine differential equation, and Smith and Sriharan(lS,16) 
developed a digital computer program to solve the d-q model including the 
effect of variable speed. This program was also used to solve the 
differential equation for the transmitted torque in terms of the electro-
magnetic torque developed by the machine and the mechanical coefficients of 
the coupled load. The authors also investigated the transient performance 
of the induction motor following reconnection to the same supply and to 
different supply arrangements (e.g. star-delta, plugging and d.c. dynamic 
braking), at different speeds and for various interruption periods. 
Theoretical results were compared \~ith experimental ones obtained from 
-9-
resistance strain gauges mounted on the 'surface of the coupling shaft. 
In a parallel study Slater, Wood and Simpson (17) also used a digital 
computer to solve the d,q model of a 3-phase induction machine. Torque 
transients were obtained for connection of a 5 hp squirrel cage motor to 
the supply at zero speed and at 90% of synchronous speed, and with 
different switching angles of the supply. 
In addition to the above studies, it has been reported (18) that 
similar studies of the induction motor have been made in many other 
countries including the Soviet Union, Japan and South Africa. 
In most previous investigations, the machine I~as assumed to have 
constant parameters, and little attention was given to the effect of 
possible variations from the assumed values. However, Slater, Wood and 
, 
Simpson (17) investigated how the computed value of the greatest tr1msicnt 
torque peak was affected by a constant change of ±10% in the machine 
parameters, and Smith and Sriharan (18) considered the effect of saturation 
on the mutual inductance of the machine winding. Smith and Hamill(l9) 
investigated fully the effect of variations in all the winding parameters 
.on the transient behaviour of the induction motor following a variety of 
sl;itching operations. They used a method based on the factorial design 
principle to relate these parameters to any aspect of the machine transients. 
Haj iroussou (20) investigated the effect of eccentricity in the airgap on the 
transient performance of small induction motors. Hachines I~ith deep rotor 
bars were studied theoretically by Kalsi (21) who assumed a constant speed 
in deriving equations for the transients of a large motor following different 
switching operations. Klingshire and Jordan (22) used an analogue computer 
-10-
to simulate the induction motor Id th deep rotor bars, but a comparison 
of test and calculated results shO\~ed some discrepancies due to the many 
assumptions made in the analysis. 
Despite the many advantages of the stationary 2-axis model of the 
induction motor (including its ease of programming), it is known(23-28) 
that this approach has several disadvantages: 
it is difficult to siJTlulate certain fault and unbalanced switching 
conditions, 
the non-symmetrical inductance matrix takes longer to invert, 
it is difficult to include the higher harmonics present in the mmf 
of the machine, 
considerable time is wasted in performing 3-phase to d,q 
transformations at each step of the solution, 
it is difficult to handle a combination of unequal phase parameters 
and unbalanced stator VOltage when semiconductor switches are 
included in the machine circuits. 
Simulation of the induction machine equations using digital computers 
has therefore often been directed towards an untransformed direct phase 
quantity approach~23-26) although this has the disadvantage that more time 
is required to calculate and invert the .inductance matrix at each step of 
the solution. Methods(27,28) have been suggested to derive a new set of 
differential equations in terms of the direct phase quantities but with a 
constant inductance matrix. This is achieved by choosing stator and rotor 
reference frames stationary relative to each other. 
-11-
In this chapter, a balanced 3-phase induction motor (without 
external impedance) is analysed using both direct-phase and d,q models. 
Digital computer programs based on both models are developed for the 
numerical integration of both the electrical and mechanical differential 
equations of the machine for several switching and reswi tching operations; 
These programs are written in a general"form and they can in addition be 
used to study the behaviour of the motor with constant external resistance 
or inductance. The machine models, and the associated computer programs, 
form the basis for later investigations of the machine when external 
impedance is connected in the rotor circuit, or semiconductors devices are 
placed in either the stator or the rotor. Simple tests were performed to 
determine electrical and mechanical parameters of the motor and computed 
and experimental results were found to be generally in good agreement. 
2.2 3-PlIASE INDUCTION HOTOR MODEL 
The assumptions normally made in induction machi.ne analysis are: 
an ideal cylindrical rotor and a uniform airgap, 
- hysteresis and eddy current losses are negligible, 
all flux densities are proportional to the currents producing 
them (so that there are no saturation effects and the self 
inductances of the stator and the rotor windings are constant), 
the mutual inductance between stator and rotor windings are 
sinusoidal functions of the displacement between the stator 
coil and the magnetic axis of the corresponding rotor coil. 
Under these assumptions, a 3-phase induction motor is represented by 
a set of differential equations, which may be derived in several ways. In 
this thesis two such methods are employed • 
. '. 
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2.2.1 Direct Phase Quantities Method 
Most electrical machines can be represented by a number of interacting 
coupled coils, and a set of differential equations based on the fundamental 
loop voltage equations. If a 3-phase induction motor is fed from a 3-wire 
supply, the loop voltage equations can be described in matrix form as, 
[v] = [R] [I] + p[t] , (2.1) 
where 
[v], [i], [R] and [1/1] are respectively, the vo1tage,current,l'esistance and 
. total flux linkage matrices of the motor as detailed in Appendix (A). 
Equation (2.1) may be rearranged as 
p[1/I] = [v·] - [R] [i] , (2.2) 
which may be integrated for the flux linkage [1/1]. The motor cunents can 
be determined from, 
[1/1] = [L] [i] , 
where [i] and [L] are assumed to be unchanged during the integration 
period of [1/1]. When equation (2.3) is differentiated and substituted 
in equation (2.1), it follo\~s that 
[0] [L]-l{[] [ ] [lO]-e·[ddLe] [1°]} • p 1 " v· - R 
(2.3) . 
(2.4) 
Although equation (2.4) is ~on-1inear with variable coefficients in [L], 
dL • [de] and e, it can be solved numerically.for [i], using any of available 
integration methods described in Appendix (C). 
Having evaluated the machine currents, the electromagnetic torque 
which is developed by the motor is given by, 
(2.5a) 
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where P is the number of pole pairs and [il is the current matrix 
dL determined from equation (2.4). When (de)' as derived in Appendix (A), 
is substituted in equation (2.Sa), the electromagnetic torque is given. 
in terms of the winding currents as 
• (2.Sb) 
where rotor currents. 
2.2.2 Stationary 2-Axis (d,q) Model 
As mentioned above, the differential equations representing the 
induction motor in direct phase quantities have angle-dependant coefficients 
[~~l and [Ll, which make them difficult to solve analytically, and this leads 
to a time consuming solution on a digital computer. This difficulty may 
however be overcome if the coefficients are made independant of the angular 
position, by using the mathematical transformations(9) which lead to the 
simple and widely used stationary 2-axis (d,q) set of differential equations. 
This approach reduces equation (2.4) to the well-known d,q form, 
vD RI +LlP 0 Mp 0 iD 
vQ 0 Rl+LlP 0 Mp iQ 
= (2.6) • • 0 ~!p eM R2+L2P eL id 
• . 0 -eM Mp -eL R2+L2P i q 
which can be rearranged as: , 
p[i] = [Ll-Iqvl- [Rl [il-e [Gl [ij} (2.7) 
where all the matrices are in (d,q) quantities and are related to the 
direct phase quantities as described in Appendix (A). Additionally, [G] 
• is the matrix formed from the coefficients of e in the impedance matrix 
of equation (2.6). 
. . '. 
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Equation (2.7) has the same form as equation (2.4) but differs in 
the construction of the. matrices. 
If pid and piq, as derived from the rotor voltage equations, are 
substituted in the stator voltage equations, the machine differential 
equations are, 
1 {~-piQ = M2 Ll 
I--
LlL2 
pi = d 
M . 
- - p1 -L? D 
w 
M . 
= - - p1 
,L2 Q 
RI . • 2 R2M . Ell! .} eM . L 1Q --1 +-1 - -1 Ll L2 D LlL2 q Ll d I 
. R2 eM . • 
-1 --i - ei L2 Q L2 d q 
(2. Sa) 
(2.8b) 
(2. Sc) 
(2.3d) 
which may be solved simultaneously. Both equations (2.7) and (2.8) have 
constant coefficients when the speed e is fixed, and they may be solved 
numerically as the speed varies. 
The electromagnetic torque developed by the motor is again 
determined from, 
(2.9a) 
or in detail as, 
(2.9b) 
where [idq] is the matrix of the d,q currents, and !~ is the :naximurn mutual 
inductance between stator and rotor windings. 
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2.3 SPEED AND ANGULAR POSITION OF TIlE ROTOR 
When the motor is coupled to a load. the electromagnetic torque given 
. by equations (2.5) mId (2.7) is equal to the sum of the accelerating torque. 
md the friction ruJd windage torques. in addition to the torque trmsmitted 
to the load, i.e •• 
If the rotating bodies are assumed rigid, with no ruJgular deflection 
between their ends,' but Ni th a torsionally flexible coupling connecting 
them, the trruJsmitted torque is a function of the ruJgular deflection 
betNeen the ends of the coupling. i.e., 
T = K (0 -6 ) 
m t 1 2 .(2.11) 
where 01 ruJd O2 are respectively the ruJgular positions of the t\~O bodies, 
ruJd Kt is the torsional coefficient of the mechmical coupling. 
The trmsmitted torque is equal to the sum of the load torque, the 
friction and windage torques md the accelerating torque of the load.' 
On substituting these into equation (2.10), ruJd writing the accelerating 
torques of the machine md its coupled load as 
d20 
J 1 ruJd 
1 cl?" 
respectively, equation (2.11) cm be differentiated twice and substituted. 
into equation (2.10), to 
where J
l 
md J 2 are respectively the moments of inertia of the machine 
md its coupled load. 
'. 
(2.12) 
·, 
-------------------------------------------------------------
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If the motor is not coupled to a load, the transmitted 'torque and 
all the related quantities in equation (2.12) are set to zero, and the 
friction and wind age torque Tf ,is expressed in terms of the speed as, &w~ 
(see Appendix (B)). Equation (2.10) can then be r,ewri tten as, 
2 
(2.13) 
d, e _ P (T 
dt2 - JI e (2.l4a) 
or 
Equations (2.12) and (2.14) are both 2nd-order differential 
equations, and they can be solved numerically using the technique 
described in Appendix (C. 2) • For the direct phase mode I, knowledge of 
• the speed e and the rotor angular displacement e is essential at each 
(2.l4b) 
step of integration in order to update th'e time dependant' coefficients. 
However, only e is required for the d-q inodel, since this is used in the 
transformation back to direct phase quantities. 
2.4 STATOR VOLTAGE DURING DISCONNECTIO~ 
When the machine is disconnected from the supply, stator currents 
continue to flow for a shprt period, through the arc which is created 
between the contacts of the switch. The size and duration of the arc 
depend on the contactor speed, the dielectric materials surrounding the 
contactor, and the value of the current at the instant of disconnection. 
The arc may be represented by a non-linear impedance or by a resistance 
which is a function of the ionized media and the chemical properties of 
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the dielectric. However, such a representation complicates the differential 
equation of the machine and would require very accurate determination of 
the contactor parameters. When attention is being directed towards an 
analysis of the motor, it is normal to assume that the contactor is ideal 
(with zero impedance before interruption and an infinite impedance there-
after), and therefore that the stator currenm decay instantaneously. 
According to the constant flux linkage theorem, the flux linkage in 
the rotor circuit remains the same immediately before and after the 
contactor is open, and the rotor current must therefore increase to 
compensate for the absence of stator current. The flux linkage prior to 
disconnection is 
[1/1 ] = [L ] [i ] 
+ + + 
(2.15) 
and immediately after disconnection it is, 
[1/1) = [LJ [iJ (2.16) 
where the plus and minus signs denote conditions immediately before and 
after disconnection. 
As the flux linkage in the rotor circuits is the same for both 
instants and the stator currents are set to zero, the rotor currents 
immediately after disconnection are: 
[i ] = [L ] -1 [L ] [i ] 
- - + + 
(2.17a) 
This equation is applicable to both the direct-phase, and the (d,q) 
models, provided that the proper matrices are used. For the d-q model, 
the rotor currents can be written, 
• M. • 
1 =-1 +1 q- L2 Q+ q+ 
". . . 
(2.l7b) 
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which provide the ini tial values of the rotor currents for the dis connection 
period. deper.de4t During this period, the rotor currents decay at a rate Jl~ieftal 
O'YI 
MY the time constant of the rotor circuit, which means that the rotor mmf 
decays at the same rate. The machine thus acts as an alternator, producing 
a 3-phase voltage in the stator windings, with a magnitude proportional to 
the mmf and at a frequency corresponding to the falling rotor speed. 
Since the stator currents are zero, the stator terminal voltage may 
be determined from, 
[vl = [LSDISl p[iDISl + e[GSDISl[iDISl 
where for the direct phase model, 
M cos 0 M sr sr 
[LSDISl 41T = Msr cos (0--) M 3 sr 
21T M cos (0--) M sr 3 sr 
and 
-M sr sin 6 
[GSD1Sl = 411 -M sin(6--) sr 3 
-~I 
sr 
and 
while for the d-q model 
sin(O- 21T) 3 
i 
a 
and 
= r
o
M MO] [LSDISl ~ 
21T 41T cos(O--) Msr cos(O--) 3 3 
cos e Msr 
211 cos (0-3 ) 
41T cos(O--~ Msr cos 0 3 
-M sin(O- 21T~ 
-M sin(O- j1T) sr 3 sr 
-~I sin 0 Sin(O_;1T) -M sr sr 
-M 
sr 
. ( 41T) sIn 0--3 -M sr sin 0 
and [GSDIS] is zero 
(2.18) 
-l9~ 
('ors] " ~:] 
The stator terminal voltage for the d-q model is thus, 
or 
and 
vD = M pid 
V Q = M piq 
I~ith their initial.values determined from equation (2.17), the 
rotor currents can be calculated numerically during the disconnection 
'period from the differential equation for the rotor circuit, 
p[iOIS] = [LrOIS]-l {-~IS] [iOIS] - e[GroIsl [iOIS]} (2.20) 
where for the direct phase model 
L M M 
rr rm rm 
[L
rDIS ] = M L ~l and [GrDIs ] is zero rm rr rm 
M M L 
rm rm rr 
Rr 0 0 i a 
[R
roIS] = 0 R 0 [iOIS ] = ib r 
0 0 R i r c 
and. for the d, q mode I 
[L
rDIS] = [:2 :J [RrDIs ] = ~' ~J 
[G
rDIS] = (:, :J [iDIS ] = [:j 
....... 
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Since no stator current is flowing, the electromagnetic torque 
developed by the machine during the disc.onnection period, as calculated 
from equations (2.5) and (2.7), is zero. 
2.5 RESWITCHING CONDITIONS 
It is common practice to reconnect a motor to the supply whilo tho 
rotor is still rotating and the rotor currents have not fallen to zero. 
Under such circumstances, a transient torque is developed. This torque 
depends on the rotor currents and the rot?r position at the time of 
reswi tching, and also on the magnitude and phase of the supply vol tago at 
the instant of reswitching. Having obtained the rotor currents at this 
instant from equation (2.20), these are used, together with the zero 
stator current and the other dependant variables calculated for tho last 
step in the disconnection period, as the initial conditions of the motor 
. during the reswitching period. When the motor is reconnected to the same 
supply, the differential equations which apply are similar to those for 
the starting period, with the voltage matrix [v] modified when reswi tching 
to a different supply. TIle same procedure which was used to calculate the 
transients in the machine during starting can also be used to determine 
transient performance during reswitching. 
2.6 COMPUTER PROGRM~ 
The electrical differential equations derived for the machine in 
section (2.2) may be written in general form for both models as 
pIi] = [L]-l{[v] - [R][i] - 9[G] [i]} 
. .. 
. . 
(2.21) 
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. when the appropriate d-q or direct phase matrices are used. The mechanical 
equations for the machine derived in section (2.3), are, 
and 
• 
• p 
pe = J 
. 
(Te- K _ K (.2.)2) 
1 2 w 
where em is the mechanical speed of the machine. 
(2.22a) 
(2.22b) 
All these equations are non-linear, and have variable coefficients 
when the speed is not constant. The stationary 2-axis (d,q) model is 
obviously simpler, easier to solve and consumes' less computational time 
than the direct phase model, but, since non-linear circuit elements may 
be present (saturistors or switching devices) it was necessary to use the 
direct phase model for the present investigation. The Runge-Kutta method 
of numerical integration is widely used in investigating the transient 
behaviour of both induction and ~ynchronous machines, because it manipulates 
easily the discontinuities of the equation, for example during disconnection 
and reconnection of the machine to the supply. Two computer programs were 
therefore developed using this method to solve the above equations and to. 
predict the transient behaviour of the machine. The first of these is 
called (Phase-I) and solves the machine equations of the direct phase model. 
The second is called (DQ-l) and predicts the behaviour of the machine from 
the (d,q) model. Both programs are written in Fortran IV and ate listed in 
Appendix (E). They start by reading the ·parameter matrices as defined in 
Appendix (B), together with the initial conditions of the machine. For a 
small increment of time (the step length), equations (2.21) are solved and 
the new currents are evaluated. These, together with the new voltages, 
form the initial conditions for the next step. 
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At each.step,the corresponding electromagnetic torque developed by 
the motor is calculated from either equation (2.5) or equation (2.9). 
After substituting this torque into equation (2. 22a) a solution is obtained 
for the speed of the motor and the angular position of the. rotor is 
calculated by integrating equation (2.22b). 
Although the two programs agree in general outline, they use different 
methods to determine the coefficients of equation (2.21), Program (Phase-I) 
calculates the new values of [L] and [G] and then inverts the new [L] matrix 
at each integration·step, while these matrices are constant for program 
(DQ-l) and the [L] matrix is inverted only once. However, the supply 
voltage must be transformed to (d,q) quantities, according to equation 
(A.l1) of Appendix (A), and the stator current values may be transformed 
back to direct quantities whenever these are requi red, according to 
equation (A.lO). 
The programs continue to calculate currents, torque, speed and the 
angular position of the rotor, until the starting period. is covered. If 
. the machine is disconnected from the supply, the initial values of the 
rotor currents are determined from equation (2.17), . and the impedance 
matrix is reconstructed, following which the rotor currents are calculated 
from equation (2.20). I~ith the stator currents set to zero, the electro- . 
magnetic torque, the speed and the angular position of the rotor are 
determined by a similar process to that used for the starting period. 
The voltage induced in the stator windings by the rotor mmfs is 
calculated from either equation (2.18) or (2.19). 
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At the end of the disconnection period, the machine may be reswitched 
to a new supply, or back to the same supply. The initial conditions for 
this period are the values of the machine variables calculated for the 
last step of the disconnection, and the impedance matrix reverts to the 
same form as during the starting period, \~ith the new voltage supply 
being used. Following these changes, the. procedure used to calculate the 
starting performance is repeated until the whole period is covered. 
CHAPTER THREE 
3 PHASE INDUCTION f.10TOR HITH SECONDARY CAPACITORS 
-24-
3.1 INTRODUCfION 
Capacitors have been used in induction machine circuits to: 
_ correct the power factor 
_ provide the reactive current necessary for excitation during 
induction generator operation 
_ improve the dynamic braking performance of the induction motor. 
Capacitors for pOl~er-factor correction have been used for many years, 
and they are often permanently connected at the motor terminals, with the 
combination switched to the supply as a unit. Following disconnection, 
high voltages may be generated at the machine terminals due to self 
excitation, if capacitors of too high a value are used. This over-voltage 
can cause failure of the motor insulation and of other devices connected to 
the terminals, and it has been the subj ect of many studies; The theory 
of an induction generator excited from a bank of static capacitors was 
introduced by Bassett and potter~29) while Butler and Concordia(30) used a 
differential analyzer to calculate the terminal voltage and current in a 
capacitor in series with an induction motor and also discussed methods of 
avoiding unstability in the system due to self excitation. In a further 
study of the self-excitation process, wagner(3l) assumed saturation to 
affect only the magnetizing reactance, and thereby developed a trial and 
error method to accomplish the analysis of different loading characteristics. 
Bloomquist and Boice (32) calculated the capacitive reactance required to 
avoid self excitation and dfu'gerous over-voltage, and also the transient 
torque and currents in the machine fol101~ing reconnection to the supply. 
Barkle and Ferguson(33) discussed the induction generator in an analysis 
based on synchronous generator theory, and they presented different loading 
characteristics and theoretical charts relating the active and reactive 
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power at different generated voltages and frequencies. In a further 
contribution, All an (34) presented current and voltage transients following 
reconnection of an induction generator to the power system at different 
speeds, and showed that these transients could be more severe than those 
following reconnection of a similar motor with terminal capacitors. De 
Sieno and Beaudain (35) used a similar approach to that of \~agner(31) to 
solve the differential equations of the induction generator as derived from 
the steady state equivalent circuit, and they presented curves for the 
maximum capacitance at which a given machine may avoid the danger of self 
excitation. 
Transients due to reconnection to the supply of an induction motor with 
terminal capacitors have also been studied by De Mello and Walsh~36) who 
used a differential analyzer to predict the transients experienced by a 
double-cage induction motor. Saturation effects lVere considered and the 
magnetizing reactance \~as represented by a suitable polynomial derived from 
the open circuit characteristics of the machine. 
The high torque, \~hich occurs when an induction motor with terminal 
capacitors is reconnected is exploited in the new dynamic braking method of 
Chaudhowry and Hastings (37) and termed Capacitor and Magnetic Braking. The 
motor is removed from the supply and immediately connected to a bank of 
uncharged capacitors incorporating control resistors, and after a suitable 
period the motor terminals are short circuited. During the Capacitor Braking 
stage a high air gap flux is built up resulting in a high braking torque and 
a reduction of the motor speed. During the Magnetic Braking stage, the 
sudden change of the air gap flux due to the short circuit results in a 
further high braking torque IVhich brings the motor rapidly to rest. To 
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reduce the braking period even further the authors modified their method by 
injecting a direct current during the magnetic braking stage. They used a 
steady-state analysis to estimate the pO\~er lost in the motor during braking 
and compared this with the power lost during plugging, although torque and 
current transients were not discussed. Smith and Sriharan(38) investigated 
the effects of terminal capacitors on thQ transients of a 3-phase induction 
motor and generator, and considered saturation to affect the main flux path 
only. The corresponding magnetizing reactance was derived from the open-
circuit characteristics of the machine, and the authors modified the 
conventional impedance matrix in a digital computer program which predicted 
the machine transients and close agreement was claimed with experimentally 
obtained results. 
From a study of the work described above, several important conclusions 
can be draNn: 
- power factor correction capacitors connected to the motor terminals 
increase the chances of severe reconnection transients, 
- with unfavourable conditions of reconnection, the transients are 
far more severe than without capacitors, 
- it is not advisable to reconnect a capacitor-excited induction 
generator to the bus-bars, unless the interruption period is of 
short duration, 
during disconnection, the build-up of voltage and the rise in the . 
magnetizing current in an induction generator can damage the machine. 
All the investigations above dealt with machines with stator connecte~ 
capacitors, and to the author's knowledge, only a few publications have 
studied the behaviour of a 3-phase motor incorporating rotor capacitors. 
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Among these, Shepherd and Slemon (39) pre~ented a theoretical study of the 
possibilities of obtaining a required torque-speed curve, by controlling 
the rotor impedance. They produced loci in the impedance plane for 
constant torque, constant current and constant power factor, and on the 
basis of their investigations suggested an RC-Circuit combination to control 
(40) . 
the speed of a hoist. Bland and Shepherd studied the effects of rotor 
capacitance on the performance of the motor under d.c. dynamic braking 
conditions. Saturation was assumed to affect only the magnetizing reactance, 
and a mathematical function to allOl~ the inclusion of saturation was derived 
from the open-circuit characteristics. The authors used a numerical 
technique based on a trial and error method to calculate the steady-state 
performance of the machine, and compared this with experimental results for 
different capacitors and various values of injected currents. Bland and 
Shepherd(42) also studied the effect of capacitor-saturistor* . combinations 
on the performance of an induction motor under d.c. dynamic braking conditions, 
and because of the non-linear behaviour of the saturistor used, they again 
adopted a trial and error method to calculate the resulting performance. 
From a study of these investigations, it \~as found that secondary 
capacitors improve the dynamic braking from high speed, and that a capacitor-
resistor or a capacitor-saturistor combination may further improve the 
braking performance, providing the possibility of varying the braking torque, 
by controlling the resistance or the capacitance of the circuit. The 
·presence of rotor capacitors introduces another dependant variable into the 
differential equations of the machine and makes these equations of second 
order. A direct-phase and a d,q model as derived for the solution of these 
~Saturistors are discussed in Chapter 4. 
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equations on a digital computer are described in this chapter. Additionally. 
analytical expressions for the .stator and the rotor transient currents are 
derived. using the method of instantaneous symmetrical components. From 
these expressions. the equivalent circuit of the machine is derived and 
used to determine the steady-state performance for various values of rotor 
capacitance. The effects of the rotor capacitance on the behaviour of the 
machine under d.c. dynamic braking is also studied. The good agreement 
between the theoretical' and experimental results supports the validity of 
the analysis. 
3.2 MACHINE DIFFERENTIAL EQUATIONS 
In addition to the assumptions of section (2.2). it is now further 
assumed that the capacitor bank in the rotor circuit of the motor is star 
connected. This results in no loss of generality. since a star connected 
equivalent can always be found for a delta-connected capacitors bank. 
Since the presence of the capacitors does not change the linearity of the 
machine circuits. the machine can be represented by a set of differential 
equations derived in a sinilar way to those describing the standard motor. 
3.2.1 Direct Phase Model 
I\'hen the voltage equations describing the standard induction motor are 
modified to include the capacitive ele~ents, these become, 
[v] = [R][i] + [L]p[i] + 6[~;][i] + ~ f[i]dt (3.la) 
The integral term complicates the equation and makes a direct mathematical 
solution more difficult. To overcome this, equation (3.la) can either be 
differentiated with respect to time, e.g. 
-29-
which is rewritten as, 
p[v] = [L]p2[iJ + {[R] + 2e[~~]} p[i] + 
{ e2 [d2L] + e[dL] + [.!.]}[i] de2 de C 
or they can be rearranged with the integral term replaced by the charge 
accumulated on the capacitor as: 
• dL 1 [V] = [R][i] + [L]p[i] + e~dO][i] + [C-Hq] 
. dL 
where [vl, [i], [R], [L], [del are the same as for the direct phase model 
(3.1b) 
(3.1c) 
(3.1d) 
of the standard motor derived in Appendix CA); [.!.] is the capacitive element C 
matrix and [q] is the charge on these capacitors, Le.: 
qA 
qB o 0 
1 
Ca 1 
qc 
[.!.] Iq ABC] = and = qa C 
o Cb 1 
qb 
qc C'c 
Since the above differential equations are 2nd-order in terms of the 
machine currents and they also incorporate speed dependant coefficients ,a 
numerical technique for their solution is required. 
3.2.1.1 Numerical Solution of the System Equations 
The Runge-Kutta technique for the solution of 2nd-order differential 
equations, as described in Appendix (C.2), involves representation of 
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either equation (3.lc) or (3.ld)by two associated simultaneous 1st-order 
differential equations. When it is required to solve the machine differential 
equations expressed in terms of charge, the first of the equations required 
is equation (3.ld) and the second is obtained as follows. 
When the current in phase a of the rotor is expressed as, 
i = i e j 6t 
a r 
the charge accumulated on the capacitor is, 
so that, 
On rearranging 
or 
q = q e j iit 
a r 
'pq =i +J6q 
r r r 
Equation (3.4) introduces another complication, since complex 
(3.2a) 
(3.2b) 
(3.3) 
(3.4a) 
(3.4b) 
variables must be used in the computer program devised for the solution. 
,This difficulty can be overcome when the integration step length is 
sufficiently small for the speed of the machine to be considered constant 
during a step, so that equation (3.4a) can be rewritten, 
i .. E.:il pq 
r p r 
p" jw 
Since p-je is practically the slip of the machine, and the rotor 
p . 
current can be expressed as, 
which gives, 
pq" r 
i 
...!. 
s 
Either equation (3.4b) or equation (3.4e) can be associated with 
(3.4c) 
(3.4d) 
(3.4e) 
equation (3.ld), in order to predict the transient currents in the machine. 
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Tho samo procedure can also be followed to derive the associated equation 
requirod for the solution of equation (3.1c), so that 
pi ,. A + j ei
r r r 
A 
pi ,....!. 
r s 
or 
whero A ls an arbitrary variable used to reduce equation (3.1c) to 
r 
1st-ordor form •. 
3.2.1.2 Illectromagnetic Torque· 
(3.5a) 
(3.5b) 
lIavlnll obtained the instantaneous currents of the machine from the 
solution of equations (3.1), the corresponding electromagnetic torque can 
be calculuted ·from: 
when th~ ~peed and the·angular position of the rotor follow from, 
and, 
de ' 
-= e dt 
These vllluos are obviously needed to update the coefficients of the 
machino t11 ffcrential equations during the numerical solution. 
3,2.2 n.:!l ~tode1 
Tho odvantages of the d,q model mentioned in the previous chapter, 
make it proferablo to the direct phase model for the prediction of the 
(3.6) 
(3.7) 
(3,8) 
transion t behaviour of an induction machine with rotor capacitors. The 
required d,q model can be derived from the direct-phase model, using the 
techniqu'l described in Appendix (A), Consequently, the machine can be 
represolltetl by either a voltage equation in terms of the capacitor chaTges 
and tho machine currents as, 
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VD Rl+Llp 0 Mp 0 iD 
vQ 0 Rl+LlP 0 Mp iQ 
= . . 
0 Mp eM R2+L2P -eL2 id 
• . 
0 -eM Mp -eL2 R2+L2P i q 
0 0 0 0 0 
0 0 0 0 0 
,-- + 1 0 0 C 
0 qd 
(3.9a) 
0 0 0 1 ~ C 
\~hich may also be written,' 
[v] = [R] [i] + [L]p[i] + e[G][i] + 1 [Cl [q] (3.9b) 
where matrices R,L,G are the same as those for the d,q model for the standard 
motor, or in terms of the currents only as, 
(3. lOa) 
which on rearranging gives 
2 -l{ p [i] = [L] p[v] - [R+26G]p[i] + [CC] [i] } (3. lOb) 
where 
0 0 0 0 
0 0 0 0 
[CC] = 
iJ2M • "2 1 
. . . 
eM o L+- Re+eL2 c 
• 02/.1 . . . e2L+!. 
-OM -Re-eL2 C 
Since equations (3.9-10) are obviously non-linear and of 2nd-order, 
their solution must again be obtained using suitable numerical techniques. 
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3.2.2.1 Numerical Solution of the System Equations 
lfuen a numerical integration technique based on Runge-Kutta methods 
is required to solve the 2nd-order equations (3.9-10), this implies that 
associated 1st-order equations must be derived. These associated equations 
can.be obtained by following the procedure used in section (3.2.1). From 
thE' d,q representation, the rotor current in phase a can be expressed as 
(3. 12 a) 
and the charge on the capacitor of phase a as, 
(3.lZb) 
so that, 
(3.l3a) 
lfuen equation (3.13a) is equated with (3.12a) and similar terms 
are compared, this gives, 
. dqd 
• 
1. = - + eqq d dt 
dq 
• i = __ :~L eqd q dt 
(3.13b) 
which can be rearranged as, 
(3.13c) 
On combining equations (3. 9) with equations (3.l3c) the 
differential equation describing the system may be vlritten, 
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qn 0 0 0 0 I qn 0 
0 
qQ 0 0 0 0 I qQ 0 
• 
qd 0 .0 0 6 1 qd 0 
0 
• 
qq 0 0 -6 0 I qq 0 
P = + 
in in 
iQ 
_ [L -1] [~] 
_[L-l]{[R]+S[G]} iQ [L-l][v] 
id id 
i 
iq q 
(3.l4a) 
The above procedure can also be followed to derive a correspondirig 
equation for equation (3.10) as, 
,[::1 = ~ :} ~l ~ -:] ~:] (3.l4b) 
which can be combined with equation (3.10) to predict the transient 
current in the machine. Ad and A are arbitrary variables used to reduce 
. q 
equation (3.10) to 1st-order form. 
3.2.2.2 Electromagnetic Torque 
Since the presence of the rotor capacitors does not introduce any 
changes into the [G] matrix of the machine, the electromagnetic torque 
developed is determined in exactly the same way as for the standard 
motor i.e. using equation (2.5 or 2.9). The speed and the rotor 
angular displacement immediately follow. 
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3.3 CALCULATION OF THE SYSTEH INITIAL CONDITIONS 
Two initial conditions are normally required to solve a 2nd-order 
differential equation, these are, 
a. the initial value of the dependant variable 
b. the initial value of its first derivative. 
For equations derived Idth charge as the dependant variabfe, Le. 
equations (3.ld ruld 3.9), the initial charge ruld current are both zero 
when the machine is started from rest with uncharged capacitors. At the 
instrult of disconnection, the charges on the capacitors, as determined 
from the previous step give the initial value for the next step. The 
corresponding currents have to be calculated using the constant flllX 
linkage method. Values calculated at the end of the disconnection period 
will be the required initial conditions for the next step (reconnection 
period) • 
To solve equations (3.lc and 3. lOb) , with current as the dependant 
variable, initial values of the current and its rate-of-change are now 
required. Although the first of these is again zero for starting, the 
second p[i] can be calculated from equations (3.ld ruld 3.9) by substituting 
[i]=O and [q]=O; resulting in 
p [i] = [L ]-1 [v] 
During disconnection, it is difficult to determine p[i], as 
mentioned in section (2.2). Additionally, the derivative of the 
direct voltage applied to the stator terminals during d.c. dynamic 
braking operation is zero, I~hich makes equations (3.1c and 3.10) only 
(3.15) 
suitable for studying the behaviour of the machine during the starting 
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period. Equations (3.1d and 3.9) are thus the most useful I<hen a motor 
is used with secondary capacitors, and they can also be us~d to study. 
the behaviour of the normal machine if the substitution E=O is made. 
3.4 CO~fPurER PROGRAMS 
As discussed in previous sections, the machine can be described by· 
a set of differential equations in terms of currents or charges and 
several digital computer programs I<ere devised for their solution. 
Although these programs are based on the same principles previously used 
for the standard motor, modifications are introduced to accommodate the 
changes arising due to the presence of the secondary capacitors. Details 
of these programs are described in Appendix (E.2), with suffices 012 and 
CR2 denoting solutions of the equations in terms of charges or currents. 
For reasons given earlier, solving the d,q model in terms of the charges 
is to be preferred. 
3.5 ANALYTICAL SOLUTION OF TlIE MACHINE CURRENTS 
The use of an analytic solution for machine problems is a useful 
technique, even though to obtain a solution, a number of simplifying 
assumptions usually have to be made. From the many theoretical methods 
available for solution of the differential equations of electrical machines, 
the instantaneous symmetrical components method is used here to derive 
expressions for the stator and rotor transient currents and hence the 
d d · 3 1 • duct'on motor with balanced electromagnetic torque pro uce In a -plase 1n • 
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rotor capacitors. When the rotor inertia of this motor is high, it is 
possible to assume that the speed remains constant for a few cycles after 
the switching instant, so that the machine can be represenied by the following 
differential equations~l) 
v ,,(r + L p) i + ~Ip i e j at 
s s s s r 
o " (r + L II + Cl ) i + ~lp i 
r 1"" pr s 
... 
-JOt e 
(3.16) 
where suffices s and r denote stator and rotor quantities respectively. 
A further simplification may be introduced into the above equations, 
when the exponent terms i ejet and i e- jet are eliminated, by writing 
r s 
• . et 
pi" e- jet (p_j9) i el 
r r 
Vlith is and irejet replaced respectively by 11 and i 2, equation 
(3.16) can be rearranged as, 
0" (rz+L2 (p-je) + 1 .• ) i2 + M(p-j9)i l 
. c (p-J9) 
which is clearly a linear equation with constant coefficients, and an 
analytical solution for the machine currents is obtainable. 
(3.17) 
(3.18) 
The instantaneous symmetric components of a 3-phase supply are usually 
expressed as, 
2 v v 1 a a p a 
v N 1 I 
2 \ (3.19) = - a a 3 
V z 
1 1 1 Vc 
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where a is the operator ej2~/3, and a2 j4~/3 = e • This implies that the 
positive and the negative sequence components are complex conjugates 
and that V z is zero. It is therefore sufficient to deal only with the 
positive sequence component to derive expressions for the transient 
currents from equations (3.18). When the positive sequence component 
of the voltage is derived from equation (3.19) as, 
v V m e(jwt+6) 
p ,. r ' 
and substituted into equation (3.18), this becomes, 
V . 
m j (wt+6) re 
o 
.. 
Mp 
• 2 /4(p-j 6) 
i 
sp 
where i and irp are respectively the positive sequence components 
. sp 
of the stator and rotor currents. 
If the positive sequence components of the voltage and current 
are related to the (d,q) quantities by, 
. and 
isp .. L (i ... j i ) • 12 D Q 
. i .. L (id + j iq) • 
rp f2 
1 V" - (V + 12 D 
(3.20) 
substitution into equation (3.20), yields a result similar to equation (3.10). 
Equation (3.20) can be solved for either of the currents, and when the rotor 
current i thus derived as, 
rp 
1 
+-
C 
(3.21a) 
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is substituted in the stator voltage equation this gives, 
(3.2lb) 
_._-
Since the speed (e) is assumed constant, it is possible to multiply 
both sides of equation (3.2Ib) by the denominator, resulting in the 
stator current as, 
where 
r r 
{
2 2 " I .2 " 2 } P +(- -2JO)p+- -0 -JO-L2 L2C .L2 
DENOMINATOR 
.2 " 2kl+k2 
-0 -JO(L L _M2)P+ 
1 2 
(3.22) 
(3.22b) 
r l r 2 LII'2-~~ If k
lL
, k
2
-
L 
and cs L L are substituted in equation (3.'22b), 
I 2 1 2 
the characteristic equation of the stator current is, 
·2 
'+ (~_ kID _ 
L2cs a 
= 0.0 (3.23a) 
which may be solved as, 
(p-A) (p--B) (p-D) = 0.0 (3.23b) 
. where A,B and 0 are the roots of this equation, and are given by: 
ABO = 
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\fuen these roots are substituted in equation (3.22a), th~ transient 
components of the stator current are obtained; together with the steady 
state component these give the instantaneous stator current as, 
V .\A 2 + (k2-2j El) A+ (L2
1 
C _62 -j ek2) 
. =.-1!!... e Awt 
1Sp 2L
1
" (B-A) (D-A) U\~-A) + 
(A-B) (D-B) (jw-B) 
(A-D) (B-D) Uw-D) 
and the rotor current as. 
-V M {A2 "'·A·2 
i = 
m -_J8-8 
rp 2Ll L2" (ll-A) (D-A) (jw-A) . 
2 • .2 
B -2jOIl-O 
(A-B) (Il-B) (jw-B) 
2 • ·2 D -2j8B-8 
(A-D) (ll-D) (jw-D) 
Bwt 
e 
e
Dwt 
Awt 
e 
Ilwt 
e 
Dwt 
e 
+ 
t 
+ 
+ 
(3.24a) 
(3.24b) 
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Since it is tedious and extremely difficult to derive expressions 
for the roots of equation (3.22b) in terms of the machine parameters, a 
computer program was devised to calculate the numerical values of these 
roots for various capacitive reactances for the machine connected to the 
supply at different speeds. 
This program is wri tte:l in a general form and may be used for any 
similar problems with known parameters. The program is called OPERATORS, 
and is listed in Appendix (13.2) and the values of the roots resulting from 
this program are listed in Table (3.1). 
The electromagentic torque developed by the machine may also be 
expressed in terms of the instantaneous components of the currents as 
T = 6PM 1m(i (i e j et) *) 
sp rp 
where Im stands for the imaginary part of the terms between the· 
brackets and (i e j9t)* is the conjugate of the positive sequence 
rp 
component of the rotor current. 
(3.25) 
Substituting the current components as derived from equations (3.24a) 
and (3.24b) into equation (3.25), gives an expression for tho instantaneous 
electromagnetic torque developed by the machine, from which the steady-
state and the unidirectional transient components can be determined. When 
the instantaneous components of the machine currents are expressed in terms 
of their associated d,q currents, and substituted in equation (3.25), this. 
reduces to the form of equation (2.9) which was used to calculate the 
machine electromagnetic torque from the d;q model. 
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3.6 EQUIVALENT CIRCUIT OF TIlE MACHINE 
The per-phase equivalent circuit of an electrical machine provides 
an analytical method for studying the performance under steady-state 
conditions. Such a circuit for a motor with secondary capacitors may be 
obtained from either expression for the currents as derived in the previous 
section. l'/hen all the transient components of the stator current are set 
to zero, equation (3.24a) reduces to an expression for the steady-state 
stator current, 
v ' 
i = 2!.ej (wt+o) 
sp 2 (3.26a) 
where 
DENOMINATOR = 
• 2 
a kl 
--
o 
Replacing the constants by the machine parameters, and rearranging gives, 
v 
. m 
1 =-
sp 2 1
· L (jw- j e)2 Rz(j\~-je)+ I JW 2 ' + , ~ j (wt+o) JW JW J"" 
e . ... 2 . . ... 
(R +jwL )(jwL (J~-je) +R JW~Je 
. I. I 2 JW 2 J\~ 
Since jw-je is the slip s at which the motor is operating, jw 
Vm j(wt+6) 
i = - e sp 2 . 
(RI +jwL
I
) (j\~L2S 2+ R2st j~) _s2 (jwM) 2 
hence the positive sequence impedance of the machine is, 
z = 
(3.26c) 
(3.27a) 
which gives, 
which can be rearranged as, 
.,r---
-4S-
jwM(R2/S + jwt2 + l/jwCS
2) 
(R/S + jwtz + jwH + l/j\J;,2) 
This equation clearly describes a per-phase equivalent circuit 
of a S-phase induction motor, where the last term of the right-hand 
side represents the two parallel br~ches formed by the rotor 
impedance and the magnetizing reactance and shown in Fig. (Silc ). 
S.7 STEADY-STATE OIARf.CTERISTICS 
(S. Z7b) 
(S.27c) 
The use of the per .. phase equivalent circuit permits the character-
istics of an induction motor to be accurately predicted. To obtain these 
Characteristics with rotor capacitors, the electromagnetic torque is 
normally determined from the power delivered by transformor action to the 
rotor as, 
T "~12 R /5 
e w 2 2 
From the equivalent circuit given in Fig.(S.lb) and with the iron 
losses neglected, the rotor current is, 
while the stator current is 
jX
m 
x 
. c 
j(X,Z - "2 + 
5 
(S.28) 
(S.29) 
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On substitution in equation (3.29) 
! -
'VX J m 
.. j 
where Xl and X2 are respectively the stator and the rotor reactances, 
Consequently, 
and the electromagnetic torque is 
3PV2X2 T .. ___ -m 
e w 
(3.30) 
(3.3la) 
(3.3lh) 
(3.32) 
which clearly shows that, for a fixed impressed voltage and frequency, the 
torque developed by the machine is dependant on the rotor capacitive 
reactance. From the above equations, a set of torque-speed and stator 
current-speed characteristics were obtained for various values of rotor 
capaci tors, and these arc shOlm in Figures (3.2 a and 3.2b) respectively. 
These curves show that motoring performance is bettel' when larger capacitors 
are used, and thus the breakdown torque has a different magnitude and occurs 
at different speeds for various values of capacitive reactance. It is also 
X 
noticed that at higher speeds, when -7 > X2' the d~nominator of equation s -
(3.32) becomes very- large, and the ~orque developed matches the friction, 
windage and inertia torque and the machina cannot accelerate further. 
Depending on the capacitive reactance therefore, the machine runs either 
-45-
at speeds far below synchronous for reasonably large capacitors, or at a 
slO\~ cra\~l (or even remains at standstill) for smaller capacitors. When 
the friction and \dndage torque speed curve, as determined from equation 
(B.7) of Appendix (B), is superimposed on Fig. (3.2a), an intersection 
occurs at speeds which almost correspond with the measured values of the 
no-load speed of the machine for different values of rotor circuit 
capacitance and these results are shown in Fig. (3.3). 
From the corresponding current-speed characteristics of Fig. (3. 2B) , 
it is apparent that the stator current is a minimum when, 
and occurst at a slip, 
s=~ 
which agrees Idth the no-load speed of the machine as determined by test. 
and also with the no-load speed obtained from·the torque-speed 
characteristics. For speeds higher than the corresponding no-load speed, 
the effective rotor impedance becomes more capacitive and the stator 
current increases, but since it leads the supply voltage, less torque is 
developed by the machine. 
3.8 CALCULATIONS OF THE HAXlMillI TORQUE 
Though each parameter in equation (3.32j is a potential variable and 
must be considered when determining the electromagnetic torque developed in 
the machine, the slip, rotor resistance and capacitive reactance are the most 
influential parameters and their effects are now to be studied in some detail. 
Maximum (breakdown) torque is usually determined by equating the derivative 
of equation (3.32) with respect to the chosen variable to zero. 
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3.8.1 Rotor Resistance Required to Produce ~Iaximum Torque 
With rotor resistance taken into consideration, the derivative of 
equation (3.32) with respect to this resistance is 
which gives on equating to zero, 
or 
X c,2 
-, Z' 
s 
The rotor resistance to give maximum torque is thus, 
(3.33a) 
(3.33b) 
(3.34a) 
and by setting s=l, the rotor resistance for maximum starting torque is 
(3.34b) 
By substituting either equations (3.34a) or equation (3.34b) into 
equation (3.32), the corresponding torque may be calculated. When the 
capacitors are short-circuited, X becomes zero, and on substitution in 
c 
equation (3.34) 
-47-
s = ± 
and (3.35) 
which are the familiar expressions for the slip and the rotor resistance at 
which the torque developed in a standard induction motor is a maximum • 
. -
. 
3.8.2 Capacitive Reactance For Haximum Torque 
When equation (3.32) is differentiated with respect to the capacitive 
reactance, and the result is equated to zero 
R X R 
+ 2..l)(- -i-)] = 0.0 
s s 
from which, 
The capacitive reactance required to develop maximum torque is thus, 
2 
2 XlX X m· , 
c
c· 5 (X2 - , X2 R2 1 + 1 
and with s~l, the reactance for maximum starting torque is 
X = c 
X x2 
X 1 m 
2 - X2 R2 
1 + 1 
With the normal assumption that the rotor and the stator winding 
(3. 36a) . 
(3.36b) 
(3.37a) 
(3.37b) 
leakage reactances are the same and that the stator winding resistance 
is negligibly small, it follows that, 
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(3. 37c) 
The 
Xl . 
term X l.S 
I 
very small in comparison to 2xl , and can be neglected 
without introducing undue error. This leaves Xc=2xl which agrees with 
the capacitive reactance required for maximum torque at starting as 
derived from the short-circuit impedance and as discussed in section (3.9). 
As usual, the short-circuit impedance means the sum of the stator and rotor 
leakage reactanceS. 
3. 8.3 Slip For ~Iaximum Torque 
When both the rotor resitance and capacitive reactance are unchlmged, 
the slip for maximum torque can also be determined by equating to zero 
Separating similar terms and rearranging gives, 
[(X
l
X
2
-X;)2 + (Rl X2)2]S4 + [2Xl Xc(Xl X2-X;) + 2RiXl\ - R;(Xi+ Ri)]s2 
-3X~[Xi+Ri] = 0 
(3.38) 
(3.38b) 
which is clearly a 4th-order polynomial in s and a 2nd-order polynomial 
in s2. TIle slip for maximum torque is therefore given by the real roots 
of this equation, which can be calculated by conventional mathematical 
methods for s2 and then for s. 
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With X set to zero, substitution in equation (3.38) re·sults in a 
c 
2nd-order polynomial in s, and a slip for maximum torque of 
s = 
which may be arranged as (3.39) 
and these equations are exactly the same as equations (3.35), demonstrating 
again the validity of this technique and the expressions derived. 
Slip values calculated from the roots of equation (3.38) for 
various capacitive reitctances are listed in Table (3,2). These values are 
in good agreement with slip values determined from the torque-speed 
characteristics of Fig. (3.2). which are constructed from .equation (3.32). 
This agreement provides ·further proof of the validity of the analysis. 
3.9 STARTING CURRENT AND TORQUE 
The starting current and torque of an induction motor are among the 
major factors which must be considered when designing this type of machme •. 
To find the effect of the rotor capacitive reactance on those factors, a 
simple relationship may be derived from the equivalent circuit. When the 
magnetizing impedance of the machine is sufficiently high to allow the 
magnetizing current to be neglected, the per-phase equivalent circuit of 
Fig. (3.lc) can be reduced to match the locked rotor equivalent circuit. 
Under these conditions, .the starting current is, 
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(3.40) 
From this equation, it is obvious that the starting current is a 
maximum and is cophasal with the supply voltage when Xc=xl+xZ; it is a 
minimum and lagging the voltage when Xc<xl+xZ' .and a minimum but leading 
the voltage when Xc>xl+xZ' The machine behaviour as defined above agrees 
with the starting current calculated from equation (3.30) when s=l.O, 
-
and which is plotted in Fig. (3.4). The first part of this curve is for 
the lagging current (low c.apacitive reactance) up to the maximum value 
when the impedance of the circuit is purely resistive, i.e. when the 
capacitive reactance X equals the sum of the leakage reactances of both 
c 
the stator and the rotor windings. After this the current falls for 
higher capacitive reactance values. Obviously, the above discussion is 
equally valid for the starting torque when the magnetizing current is 
neglected; the stator and the r~tor currents are then equal ind the stnrting 
torque is therefore directly proportional to the square of the starting 
current, 
This relationship is also shown in Fig.(3.5), which could also be 
obtained from equation (3.32) with 5=1. The trend of this curve 
follows that of Fig.(3.41. 
However, the above equations and their associated curves 
. provide a simple and quick way of determining the machine behaviour 
during starting. 
(3.41) 
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3.10 D.C. DYNAMIC BRAKING TORQUE 
It will be demonstrated in this section that the performance of an 
induction motor when d.c. dynamically braked, is greatly dependant on the 
value of any rotor-circuit capacitors, in contrast to the performance of 
the machine under load conditions. To obtain d.c. dynamic braking, the 
primary windings of the motor are switched to a d.c. supply. The 
stationary magnetic field then produced by the primary liindings causes the 
motor to behave like a short-circuited alternator, with the total power 
generated in the machine being dissipated in the secondary windings. A· 
braking torque of 
• 
T = 
e w 
is produced, S= (!) is the slip during the braking conditions. 
I~ 
Under these conditions, and for a motor with capacitors in the. 
rotor circuit, the rotor current (1 2) can be determined from the per-
phase equivalent circuit of Fig. (3.ld) as, 
= I d. c. 
• X J m 
x 
c 
- -) 52 
where Id is the equivalent direct current injected in the primary 
• c. 
winding to produce the same m.m.f. as is produced by the nOl~al a.c. 
(3.42) 
(3.43) 
current. Two methods are possible by which a d. c, supply may be connected. 
to both star and delta connected primary windings and Id may be 
• c. 
determined for each of these. The voltage of the d.c. supply is usually 
calculated from this current. and the resistance of the primary winding. 
Substituting equation (3.43) into equation (3.42) gives, 
3P X2 T = __ m:::. 
e w 
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(3.44) 
which shows that, in contrast to the motoring performance, the braking 
torque is a maximum only when Xc=S2X2 and is less when \ varies in 
either way. This means that at higher speeds a larger capacitive 
reactance is required to produce the braking torque, and that a better braking 
performanco is achieved with smaller'cnpacitors as shown i~.(3.6a). For 
capacitive reactance, a maximum torque occurs at a slip s=±X 2, ' 
c 
irrespective of the injected direct current. This behaviour is clearly 
shown in Fig. (3.6b) where a suite of typical braking torque speed curves 
for various excitations is superimposed. It is also noticed that both 
maximum braking torque and the speed at v/hich it occurs are dependant on 
the capacitive reactance. 
The effects of the rotor resistru1ce on the braking torque of a 
capacitor motor are also considered, and a set of torque-speed characteristics 
for various rotor resistanccs and for fixed capacitive reactances are !liven in 
Figs!3; 7a 'a,>i.d 3.7b) respectively. These curves show that at 'low speeds, where 
(SR)2«(S2X2- XC)' the br~king torque is almost independant of the resistance, 
but at high speeds this torque increases as the resistance increases. 
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3.11 DETERMINATION OF AN APPROPRIATE CAPACITIVE REACTN~CE 
The previous sections and the associated torque-speed curves provide 
clear evidence that the rotor capacitive reactance has a range of effects 
on the performance of a 3-phase induction machine. This implies that a 
capacitor providing a good starting performance is not suitable for high 
speed loading, and that a capacitor for good high speed loading is not 
suitable for d.c. dynamic braking. For a high starting torque, a 
reasonably high capacitive reactance is required, with the maximum starting 
torque being obtained when the capacitive reactance is equal to the sum of 
the stator and rotor leakage reactances. For a better loading performance, 
the capacitive reactance should be very small, or even zero for speeds 
about synchronous speed, while larger capacitive reactances are required to 
produce high braking torquCl at high speed. 
When thCl peak points of the different torque-spCled curves of Fig. (3.2) 
are joined, it is seen that especially at lOli speeds, it is possible to run 
'an induction motor with secondary capacitors at higher torques than a 
normal induction motor, provided that the capacitive reactance can gradually 
be varied according to the speed of the machine. 
CHAPTER FOUR 
SATURISTOR 110TOR 
.. 
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4.1 INTRODUCTION 
The steady-state performance of an induction motor can be i~proved 
and controlled by changing the total inductive impedance of the machine by 
- connecting in the rotor impedance circuit, a combination of a 
variable resistance and a variable reactance, 
- adding a saturable reactor to either the stator or the roJor 
circuit, or to both, 
- adding a saturable resistor (saturistor) to the rotor circuit. 
The first two methods have been used to control the speed of induction 
motors driving hoists and cranes, and also motors used to change the 
position of bridge gates and of electrodes in arc furnaces, etc. Slemon 
and Shepherd(39) discussed the application of the first method and presented 
an analytical study of the stead~-state torque, when a variable reactor-
resistance combination is introduced into the rotor circuit. In a similar 
(43) (44) 
study, Szablya has reviewed the work of Kovacs, to improve and 
control the torque-speed characteristics using different arrangements of 
saturable reactors. This analysis is based on the constants of the 
equivalent circuit Idth the saturable reactors represented as constant 
reactances. Alger and Ku(45) analysed the performance of an induction 
motor with a saturable reactor, the saturation level of which is controlled 
by the d. c. current in th.e control coil. They assumed that saturation. 
affects the magnetizing reactance, and used an approximate equivalent 
circuit, in conjunction with a trial and error method, to calculate the 
motor performance. 
Following many successful applications of saturable reactors, the idea 
evolved of using the hysteresis loss in a hard magnetic material to 
-ss~ 
supplement the copper loss in the rotor circuit of an induction motor. as 
a means of obtaining a better torque-speed-current characteristic. 
Gunn(46) was the first to apply this idea and he designed a 3-phase reactor 
* with an Alrtico V core, which he called a Saturistor. 
After defining the parameters of the saturistor and describing 
experimental procedures to obtain these, he showed that the parameters vary 
linearly \~ith the frequency supply and non-linearly with the excitation, 
and due to this non-linearity, he used a trial-and-error method to predict 
the steady-state perfonnance of the saturistor motor. Both theoretical 
and experimental results showed an increase in torque and a reduction in 
the current at low speeds when compared with a normal motor. In a parallel 
study, Alger, Angst, and Schweder(47) described different types of 
saturistors for wound-rotor motors and for squirrel-cage motors using bars of 
hard magnetic material in the rotor slots. They also investigated the 
effects of different materials and di fferent number of turns, in addition 
to the level of saturation en the saturistor parameters, and thence on the 
performance of the saturistor motor. The last two publications (46-47) are 
significant, since they are the first reported use of hard magnetic 
materials with induction motors. 
Following the techniques of analysis laid doml, Alger, Mester and 
(48) . Yoon studied the effect of Alnico bars in the rotor leakage flux path 
1 
of a 12 hp I-phase capacitor-start motor. The bars were embedded near the 
outside of the rotor slots and cast \~ith the aluminium conductors. The 
study showed that the impedance-excitation characteristics are similar to 
those of. a3-phase motor, apart from the impedance \;hen the excitation 
level is less than the pick-up level of the hard magnetic material. 
* . Arm-co V is a trade name for a hard magnetic materiaZ. 
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Shepherd(49) presented a theoretical study of the effects of rotor 
impedance (including the saturistor) on the accelerating and decelerating 
transient time of an induction motor. He used the characteristics of the 
saturistors(47) to calculate the characteristics of particular motors and 
compared these with the characteristics of a standard machine. 
Since the theory of the saturistor was developed other induction 
motor applications have been considered. Thus Alger, Coeho and Patel(SO) 
used thyristors in the stator circuit of a 5 hp saturistor motor to 
control the input voltage, and changed the saturation level of the 
saturistor to obtain various loading characteristics. The performance of 
saturistor motors t~hen dynamically braking has been the subject of many 
publications. Among these Shepherd and Bahara(5l) investigated the 
performance under d.c. dynamic braking conditions, and by using a step by 
step method to calculate the saturistor parameters, they obtained the motor 
braking behaviour. By integrating the steady state torque equation an 
expression for the transient braking time was derived and it t1aS shotffi 
that this twuld be minimized by a proper choice of the rotor resistance.· 
Dubey and De(53-54) also studied the saturistor motor during d.c. dynamic 
braking, and devised digital computer programs to obtain the corresponding 
performance curves. They developed an analytical method, on the basis of 
the per phase Th~v~nin eguivalent circuit,which needs less computation 
time than the trial and error method presented by Gunn(46). Bland and 
Shepherd (SS) compared the performance of a single-cage motor tdth a 
·saturistor-cage motor for different stator winding arrangements. Their 
investigations shO\~ed that the saturistor improves the torque-speed 
characteristic and reduces the stopping time, and that the behaviour of the 
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machine can be controlled by changing the direct current injected in the 
stator windings, 
~Iost previous authors have used a series equivalent circuit 
representation for the'saturistor motor, determined from the measured 
characteristics, However, Dubey and De (56) described a method of 
calculating the saturis tor parameters in terms of the properties and the 
dimensional specifications of the hard magnetic material. They showed 
that although the resistance reactance ratio is independant of the 
saturistor dimensions and the number of turns, it is still a function of 
the properties of the material, Duggal (57) used a piecewise-linear 
analysis to define the sa~uristor parameters in terms of the material 
properties, the magnetizing coil configuration and the magnitude and 
frequency of the excitation', To emphasise the effect of these variables, 
several torque-speed characteristic under loading ruld braking operations 
for different saturistor motors were presented, 
~Iost authors neglect the eddy-current loss in the saturistor, 
following Sabirf58) He found that th~ total loss in a hard magnetic 
material at 50 Hz is almost entirely due to hysteresis and even 
at 350 Hz the eddy current loss only constitutes 10% of the total loss, 
Sabir also developed a method of designing a saturistor to limit the 
starting current of an induction motor based on the steady-state equivalent 
constant, and he presented experimental loading dlaracteristics for a 
saturistor motor supplied through different 3-phase thyristor arrangements. 
Alger, Ingverson and Orney(59) introduced a closed-loop electronic scheme 
for the speed control of a saturistor motor driving a pump, Idth the 
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stator voltage of the motor being controlled by delayed firing of 
thyristors. Dubey and Shepherd (62) described a method of determining 
the parameters of an idle-bar saturistor-motor and used these to 
calculate the machine performance. 
All the investigation~ mentioned above have dealt with the saturistor 
motor under steady-state conditions, and it is clear that a study under 
transient conditions is of considerable importance. I In this chapter, 
several methods are used to simulate the saturistor motor under these 
conditions. Some of the methods are based on a step-by-step approach 
and use the impedance characteristics measured under steady-state and 
constant frequency operation. Other methods relate the parameters of the 
saturistor to the material properties and its B-H loop characteristics. 
Procedures for the design of a saturistor, which either limit the starting 
current to a desirable value or else produce a required starting torque 
are presented. The steady-state performance of the saturistor motor is 
analysed and typical saturistor characteristics are measured. Associated 
computer programs are developed to predict both the transient and steady-
state performance of the machine. 
4.2 PERFORHA.'lCE OF TIlE SATURISTOR 
4.2.1 Electrical Parameters 
The electrical parameters of the saturistor are related mainly to the 
magnetic properties of the hard magnetic material of the reactor coil, 
although they are usually described in terms of the supply voltage and the 
magnetizing current in the coil. However by definition, the impedance is 
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the ratio of the saturistor voltage to the rms value of the magnetizing 
current, and the resistance is the ratio of the power dissipated in the 
hard magnetic material as hysteresis loss to the square of the magnetizing 
current. The eddy current loss is neglected since, 
a. the saturistor is usually excited by a voltage of low frequency, 
b. the hard magnetic material is divided into thin blocks. 
From the above· definitions, and since the hysteresis loss and the 
permeance of the magnetic material are functions of both the level and 
the frequency of the excitation, the impedance, resistance and reactance 
·of a saturistor are functions of the frequency and the magnetizing current. 
The power factor is therefore a function of the excitation, but is 
independant of frequency~47 ,57) This behaviouralsoagrees with the results 
6f the experimental investigations carried out at 50 IIz, and presented in Figs. 
(4.la,b) • From this figure, the parameter characteristics can be 
divided into 3 regions: 
Region 1 _ where all parameters are constant and equal to the 
associated leakage values. Since the level of excitation 
is belOW the coercive force of the material, the 
saturistor does not contribute to the impedance of the 
circuit and the power lost is due only to the copper loss 
in the magnetizing coil. 
Region 2 _ when the magnetizing current exceeds the llick_up(47) 
value, and the saturistor parameters increase rapidly to 
their maximum values. This can be related to the 
saturation process in the magnetic material, and when the 
magnetization force exceeds the coercive force the 
hysteresis loss, the flux density and the permeability of 
the reactor core all rapidly increase until the whole 
specimen is saturated. 
I 
I 
i 
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Region 3 - where the parameters are gradually decreasing. Both the 
hysteresis loss, and the, flux density remain constant at 
the saturated level, despite any further increases in the 
magnetizing current. 
Although the parameters in Fig;. C4.h,b) correspond to SO IIz operation 
they can be used for other frequencies after multiplication by the ratio 
of the new frequency to SO IIz. 
4.2.2 Current and Voltage Waveforms 
As mentioned above, the saturistor can be treated as an ordinary 
reactor with a constant impedance, when the excitation level is below the 
pick-up value of the hard magnetic material. The current and the voltage 
waveforms are therefore both sinusoidal, with the current lagging the 
voltage by the power-factor angle. When the current is above the pick-up 
value, and the magnetic material starts to saturate, the flux density 
waveform becomes flat-topped, resulting in a peaked voltage waveform. 
With the hard magnetic material becoming fully saturated both the current 
and the voltage waveforms are peaked-topped. Typical current and voltage 
waveforms for various excitation levels are shown in Fig.C4.2).' 
4.2.3 Performance of the Saturistor-Motor 
When a saturistor is connected into the rotor circuit, the performance 
of an induction motor is considerably modified at low speed due to the high 
hysteresis loss in the saturistor core. Since the saturistor impedance is 
both frequency and excitation dependant, this impedance may be written in 
terms of the rotor current and frequency as, 
Z' Ci ) = f R' Ci ) + j2nf L' Ci ) 
st r r st r r St r 
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. where Z't,R't and L are respectively the saturistor impedance, resistance 
. s s st 
and inductance and f is the frequency of the rotor current. With this 
r 
impedance added to the rotor impedance of an induction motor, substitution 
of the rotor frequency in terms of the supply frequency (f), gives the total 
rotor impedance as,· 
(4.2) 
lfuen this impedance is referred to the stator, the frequency transformation 
requires that all components of the impedance are divided by the per unit. 
slip s, e.g. 
(4.3) 
where Rst ,X
st are values corresponding to :the supply frequency: 
From equation (4.3), it can be seen that, the referred saturistor impedance 
is 'frequency·1ndepend~nt, though it is still of course current dependant 
From the per-phase equivalent circuit shown in Figure (4.3), the stator 
current is 'X Z J m r } 
Z +jX 
r m 
(4.4) 
which contains several unknown parameters (i.e. the saturistor parameters 
inCluded in Z ) and is difficult to solve unless some of these are 
r 
defined. By assuming the rotor current, the corresponding values of R
st 
and X
st can be determined from the associated characteristics of the 
saturistor. The stator current and the machine speed may then be calculated 
by either, a trial and error method which first assumes the slip and then 
calculates the stator current from the assumed rotor current and the 
equivalent circuit. On substitution in equation (4.4) the stator voltage 
V can be determined. If the difference between this and the supply voltage 
exceeds, say IV, the speed must be changed and the calculation repeated. 
This iterative method is clearly time consuming. 
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• /1'. h Or, us1ng a Theven1n equivalent circuit, were the speed is calculated 
from the per-phase Th{venin equivalent VOltage of Fig. (4.3b), and the 
assumed rotor current, is 
R2 
s= 
[(E 11 )2.(X +X2+X )-(R +R )]l 
(4.5) 
.. ' ere st e st 
h E . I h Th" . I d were e,Xe,R
e 
are respect1ve y t e even1n vo tage, reactance, an 
resistance of the machine. 
Following the above process the stator current is then determined 
from the assumed rotor current, the calculated slip and the machine 
equivalent circuit of Fig.(4.3a). The torque developed is 
3P 2 
T .. - I I I (R2/ s + R t) e w r s 
and it will be noted that near standstill, when the rotor current is 
high and almost at supply frequency, a large saturistor resistance and 
a high electromagnetic torque results. Near synchronous speed, when the 
rotor frequency is. very IOI~, the effective resistance of the saturistor 
falls to near zero and the saturistor has almost no effect on the 
(4.6) 
performance of the machine. These features are evident in both the computed 
and measured torque-speed results, for the saturistor motors investigated, 
shown in Fig.(4.4). 
\ 
Although equation (4.6) can be expressed in terms of the supply 
voltage and the non--linear 'saturistor parameters as, 
where 
3PX2 
m 
Te =-w. { 
Ris + Rst } 
DENOMINATOR 
DENOMINATOR = 
2 2 [RI (Rzls + Rst)-XI (X2-Xst) + Xm] 
+ [RI (X2+Xst)+XI (R/S + Rst)]2 
means that there is not a square-law relationship between the torque and 
the supply voltage when the rotor current exceeds the pick up value of 
the saturistor. 
(4.7) 
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4.3 DESIGN OF TilE SATURISTOR 
4.3.1 Calculations of the Electrical Parameters 
. h d . h d (41-60) Many papers publls e durmg t e past two ecades have described 
the use of saturistors ;md three types of saturistors have been developed.' The 
/ 
first of these is suitable ror external connection to a machine through slip 
rings, and is built either on a 3-phase core or as three single-phase units. 
The second type is also for use with wound-rotor machines, but is mounted on 
the rotor shaft, and eliminates the need for slip rings. "I:he third type is 
intended for use with a squirrel-cage rotor and consists of bars of hard 
magnetic material embedded in the aluminium conductors of the rotor. 
There' are tl~O main objectives in designing a saturistor motor 
a. to limit the motor starting current, 
b. to develop a required motor torque. 
The pioneering design method of Gunn (47) and Alger(48) has been 
followed by most subsequent authors, and of particular interest is the 
procedure described by Sabir(S8) for pesigning a saturistor to limit the 
starting current. The following work describes a method for the design 
and construction of a saturistor to assist the motor to develop a given 
torque, and it employs the principles and definitions of previous authors. 
It will assume the use of Alcomax III Idth the specifications as given by 
Sabir (see Table (4.1)). 
The torque developed by the saturistor motor is given in equation (4.6) 
as 
T -= ~ 1 I 12 (R /s R) w 2 2 + st (4.8) 
I~hile from Fig. (4. 3b) , 
E2 
a 
By definition, 
R
st 
and, 
X
st 
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" 
I;HRa+ Rls + R )2 + st 
p pVol 
" -:2 " 12 12 2 
Noj> 
m 
'" B A 
" " w 12 12 
w. B.. Vol 
" 
" 
N 
" 
ff 12 
(X +X2+X )2} st 
N 
" 
\ihere B is the flux density, A the cross-sectional area, " the flux path 
length, Vol the volume of hard saturistor material and p the pOl"er loss 
per unit volume of this material. 
For a closed magnetic loop, and assuming no m.m.f. loss in the 
laminated steel, 
or 
N r= 
A 
H 
1212 
on substituting in equation ( 4.11) 
X "w 
st 
B H Vol 
2 12 
2 
The winding resistance of the saturistor coil is ignored at this 
stage for t,,,o reasons; 
a. it is very small compared Idth both the rotor resistance (R2) 
and the saturistor resistance eRst) , 
b. it is difficult to calculate until the dimensions and the 
configuration of the magnetizing coil are known (these are 
difficult to predict, since the volume of the hard magnetic 
(4.9) 
(4.10) 
( 4.11) 
e 4.12) 
-65-
material is not yet known and although uncertainties in the value 
of this resistance will create some errors, this should be within 
acceptable limits). 
However, \~hen it is required to design a saturistor to limit the stator 
current to a required value, irrespective of the torque developed by the 
motor, the parameters R
st 
and X
st and the volume of the hard magnetic 
material of the saturistor can be determined from the above equations by 
successive substitutions. This results in a quadratic equation, with the 
variable given by the positive root. Thus if equations (4.10,4.12) are 
substituted in equation (4.9), whic~ can be rearranged as, 
AA(Vol)2 + BB(Vol)+CC = 0 
where 1 2" AA = (P+"2w B H) 
BB = 2I~ p(Re+R2/S) + W P H 
The volume of the hard ma~letic material can be determined from the 
positive roots of equation (4.13) anq once the current 12 and the slip 
s are known, R and X t will follow. 
st s 
(4. 13) 
If the saturistor is used to cause the induction motor to develop a 
specified torque, equation (4.6) is rearranged as 
TW 
12 = 3P(R/s + R ) 
st 
and on substitution in equation (4.13) 
XX(Vol)2 + YY(Vol) + ZZ = 0 , ( 4.14) 
where 
XX = (1.5 IV B [{ P R/s)2 
2 
18 R/S(Re+R/S) (pp)2_9IV BHP 2 p R/(Xe+ X2) 
+ (3pP R/S) + 2 2 2 [(Xe+X2) + (Re+Rzls) ](3pP) 
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2 2 2 2 9pP Rz'S E
a
-6 PT w (Ra+Rzls) -6 P Tw (X
a
+X2) 
ZZ· = [(R +RJs)2 + (X +X2)2](TW)2-3 Tw P E2 R /s ~ 
a --z a a 2 
Substitution of the known material properties in this equation will 
_. 
give the required volume. As a check on the technique,equations (4.13 and 
4.14) were also solved for the machine used in reference (58) and gav,\ 
\ 
similar solutions. Furthermore, different torque and speed conditions were 
. . 
investigated with the results given in Tables (4.2-3). From these tables, 
it is noted that the volume of Alcomax III decreases as the starting current 
required to produce a certain starting torque increases, and becomes zero 
or negative when the proposed starting current is equal to or greater than 
the nominal starting current of the machine. It is also noted that the ratio 
of the saturistor resistance to reactance is constant, despite the effect of 
the operating conditions and the speed. This agrees with the equation found 
by dividing equation (4.10) by equation (4.12) 
R 2 ~= pV/! = ~ 
\t w B H/212 w B H 
even though this ratio is a function of the properties of the hard 
magnetic material, and also with the findings of Dubey and De~6) 
4.3.2 Construction of the Saturistor 
Once the conditions at which the saturistol:" motor is to operate are 
(4.15) 
specified, the corresponding per phase volume of the hard magnetic material 
may be determined from Tables (4.2-3). It is normally preferable to sub-
divide this volume into smaller blocks to: 
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a. minimize the eddy current effect on the saturistor performance, 
b. insert fins of non-magnetic material to help dissipate the heat 
internally generated by the high hysteresis loss. 
TIle dimensions of the sub-blocks are determined according to the 
manufacturers standard production list, and having chosen suitable dimensions, 
the number of turns of the magnetizing coil is calculated from,_ 
,- ' 
I 
where i is the length of the block in the preferred direction of magnetization. 
These turns should be wound directly on the magnetic core, so that the 
highest field intensity is obtained on the outside surface. The Idre gauge 
needed for the coil is determined by the allowable current density. TIlis 
permits the number of turns per layer, and the number of layers required, to 
To satisfy the condition of negligible magnetic potential drop in the 
laminated part of the saturistor core, the cross-sectional area of the limb 
is made several times that of the Alcomax Ill. 
As constrained by market availability, two 3-phase saturistors were 
constructed, these with the same dimensions of the magnetic core, but with 
different magnetizing coils. The coil of the first has 42 turns of 2.0mm 
diameter wire and the second 108 turns of l.5mm diameter wire. The magnetic 
core consists of 2 blocks of Alcomax Ill, each 44.5mmxl9.75mmx25.4mm, in each 
limb with the remainder of the magnetic circuit being a Telmag E type, strip 
liound core, size E.ll. No cooling fins were provided, since the unit Ims 
intended only for short period operations and it was exposed to a forced 
draught from ,the motor cooling system; 
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4.4 MATIlHlATICAL MODEL OF THE SATURISTOR ~IOTOR 
The differential equations derived for the induction machine in 
section (2.2) now need to be modified to include the voltage drop in the 
saturistor impedance. If the saturistor is for us'e with a wound rotor 
motor it is treated as an external impedance and added to the rotor impedance, 
whereas a saturistor used with a squirrel cage rotor must be treated in the 
same way as the rotor impedance, with the mutual effect \iith the stator 
winding being considered. 
\ 
The saturistor voltage drop is, 
( 4.la) 
so that, the machine equation may be written, 
(4.16b) 
and rearranged as, 
[v] = [R + sRst] [i) + [L+Lst]p[i] 
+ e{~e [L+Lst~[i] (4.17a) 
The inductance of an externally connected saturistor is time 
invariant, (pLst=O) and the corresponding machine voltage equation is, 
[v] = [R + sR t] [i) + [L+L t]p[i] +e[dL][i] 
s' s de (4.17b) 
Equation (4.17) is similar to equations (2.3) and (2.4). except for 
the current dependance of the resistance and the inductance of the 
saturistor. 
This feature adds a further non-linear term in the equations, which 
again makes a numerical technique necessary for obtaining the solution for 
the saturistor-motor differential equations, i.e. equations (4.17). 
-69-
4.5 TRANSIENT PERFORMANCE OF THE SATURISTOR-MOTOR 
For the reasons mentioned above, the performance of the saturistor 
under both steady-state and transient conditions can be obtained only with 
the help of a numerical solution of the associated equations. However the 
saturistor parameters a,re only determined for steady-state operation, and 
it is difficult to define or predict the necessary parameters for transient 
conditions. Nevertheless, several methods have been tried and these are 
summarised beloli. 
4.5.1 Methods Dependant on the Parameter-Characteristics of the Saturistor 
In order to use the saturistor· characteristics shwn in Fig. (4.1) in 
a digital .computer program, these characteristics may be expressed by a 
suitable polynomial,which can be derived from either a curve fitting 
technique or by approximating the characteristics by three straight lines. 
To avoid the second option leading to negative parameters (e. g. the 
resistance) at high currents, the corresponding parameters must not be 
allOlied to fall beloN the corresponding leakage values of region-I. This 
technique is incorporated in a subrolltine called SATURISTOR and described 
in Appendix (E), which may be used in conjunction I\lith the methods developed 
to simulate the machine. 
4.5.1.1 Direct-Phase and D-Q Models 
The differential equations derived in section (4.4) can be rearranged 
as, 
p[i] = [L+Lst]-l{lV]-[R+SRst][i] -e~e[L+Lst][i]}' 
for the squirrel-cage saturistor motor, and 
p[i] = [L+Lstrl {[Vl-[RfSRst][i] -8 ~o[L][i]} 
for the wound rotor case. 
(4.l8a) 
(4.l8b) 
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These equations are suitable for either a direct phase or a d-q model 
solution when the appropriate matrices are used. In both models Rst and Lst 
must be updated for any change in the saturistor currents using the 
characteristic curves. Additionally, the slip s has to be updated according 
to any change in the speed of the machine, which results in a change in the 
frequency of the rotor currents and consequently in the hysteresis loss. 
All the above changes can easily be incorporated when the direct-phase model 
is used~ but for a d,q model changes in the values of R ,L and simply 
st st 
changes in the associated d,q quantities. This means that all mathematical 
transformation procedures used to transform the direct phase quantities 
into d,q equivalents as described in Appendix CA) have to be repeated each 
time either Rst,L
st or s change. This is obviously very time consuming,and 
makes the d,q model unacceptable for the calculations of the saturistor 
motor performance. 
However, if the machine currents are calculated using the direct-phase 
model, the electromagnetic torque developed by the machine may also be 
calculated from equation (2.5) following substitition of ~o[L+Lst] for dL [dO]' 
The speed and the rotor displacement will £ollOl~. Digital computer programs 
for this purpose ([re listed in Appendix (E. 3)}. 
4.5.1.2 Inductance Rate-of-Change with Respect to Current Method 
This alternative method, which is developed again using the character-
istics of the saturistor parameters is used here to predict the transient 
performance of a saturistor motor. As before, the voltage across the 
saturistor terminals is 
vst = SRstir + ~t(Lst'\) (4.19) 
but the final term of this equation is no\~ expanded in a different way 
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to give, dL
st di di v sR
st i i 2+ Lst 
r 
= + rd'i' dt st r dt 
r 
. dLst di 
sR
st i Lst) 
r v = + (l. -;r- + dt st r r l.r 
or 
where R
st and Lst are calculated from the approximate characteristics dL 
curves previously described and d~t is the slope of the inductance 
r 
(4.20a) 
(4.20b) 
current characteristics. Below the pick up value of the current (region 1), 
the slope is zero, and it subsequently becomes high and positive and then 
low and negative in the two saturation regions (2 and 3 respectively). 
With the rate of change of current determined from the machine differential 
equations, the saturistor voltage is updated in the same Imy as in the 
previous section, and the subroutine used to calculate the saturistor 
parameters is modified to include the voltage drop due to the term 
di dL t 
(i
r 
d/' d~)' as described in Appendix (E.3). 
r 
4.5.2 Methods Dependant on the B-I1 Loop 
(61-63) 
B-H loop characteristics have been used by several authors to 
describe the state of a magnetic circuit and to calculate some of the 
important circuit parameters. In accordance. with the non-linear character-
istics of the magnetic material, the B-H loop of a soft magnetic material 
is best represented by several approximated polynomials, and that for a hard 
magnetic material in a rectangular or parallelogram form~64-66lny minor (or 
inner) B-H loops are scaled versions of the major loop, and they can be 
represented in the same way as the maj or loop by some straightfon.;ard axis 
adjustments. For steady-state considerations, the B-H loop is formed by two 
curves, one the negative of the other, but during transient operation the 
representation must be more complex, since the locus of a B-H loop depends 
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on the state of the magnetic material from the previous operational 
conditions (L e. on the residual flux) • Assuming that the magnetic core 
is initially demagnetized, the hysteresis loop may be divided into the six 
regions of field intensity shown in Fig.(4.5a). 
(1) where the magnetizing field starts from zero and increases 
positively along path abcd, 
(2) \~here the magnetizing field starts from zero and decreases 
negatively along path a'b'c'd' 
(3) where the magnetizing field decreases, \~ith positive flux 
density, along path d B e. 
. r 
(4) where both the magnetizing field and the flux density decrease, 
along path e-H d I 
c 
(5) where the magnetizing field increases with negative flux density, 
along path d'-B e ' r 
(6) where both the magnetizing field and the flux density increase 
along path e' H d. 
c 
The B-H loops presented for Alcomax III by Sabir(S8) are again used in the 
present work to determine the saturistor parameters. These loops approximate 
closely to the parallelogram form shown in Fig. (4.5b) ,from which the slope 
in each region speci~ied above may be calculated. 
To check the distribution of flux throughout the cross-section of the 
hard magnetic material, the depth of penetration of the magnetic field is 
determined from, 
a = / ~~p (4.21) 
where p and p are respectively the resistivity and the permeability of 
the magnetic material. 
. '~7 
For Alcomax Ill, with p=5.4 10 O-m and 
p=20 106 HIm, the depth of penetration is 13.5 mm at SO Hz. This will 
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increase at the lower frequencies experienced in the rotor circuit, but 
since it is already greater than one-half the thickness of the blocks used 
for the core, the flux may be assumed to be uniformly distributed. The 
cross-sectional area of the laminated core is about 4.25 times that of the 
Alcomax III blocks, which ensures a much lower flux density and ncgligible 
m.m.f. drop. 
~!cthods based on the above assumptions, and used to investigate the 
saturistor behaviour, are outlined below. 
4.5.2.1 Determination of the Induced Voltage 
With the induced voltage expressed in terms of the changing flux 
, linkage, the voltage drop across the saturistor coil is 
d1jJ t 
v = sR i + + 
, or, incrementably as, 
st st at 
64> +N~ ht 
. If the current in the saturistor ,is known, the coil m.m.f. 
iminediately follows. I'lith the flux density then determined from the 
(4.22<1) 
(4.22b) 
B-H loop, the total flux in the saturistor core and hence the corresponding 
flux difference A4> is then calculated for two successive steps, Idth a 
time difference lot normally the step length of the integration process. 
For very high currents both the flux density and the total flux in 
the Alcomax III are kept at their saturation values, but a ne~1 B-H loop is 
generated if the maximum field intensity becomes less than that of the 
existing B-H loop. The curve used by Sabir(58) Fig. (4.6) relating power 
loss/unit volume to field intensity is also used here to determine the 
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saturistor resistance Rst' and the values obtained are in a reasonably good 
agreement I-lith those of the measured characteristics of Fig. (4.1). TIle 
procedure as described above is incorporated in a subroutine called VOLTAGE, 
detailed in Appendix (E.3). 
4.5.2.2 Incremental or Differential Permeability Method 
This method uses the incremental permeability of the magnetic core in 
.. -
calculating the inductance of the saturistor,while the equivalent resistance 
is still determined from the power dissipation in the core. The inductance 
of a reactor which incorporates this method is most usefully IHitten, 
L " 
dB 
dH 
where ~ is the incremental permeability. When the step length of the 
dB lIB 
numerical integration is sufficiently small, dH can be replaced by 6[' 
and equation (4.23a) becomes, 
(4.23a) 
(4.23b) 
Inth both the field intensity and the flux density calculated as described 
in the previous section, -t.B and t.H are merely differences existing between 
two successive steps of the numerical solution. The phase coil leakage 
inductance, and the effective resistance arc updated at each step of 
integration in a subroutine called INCREHENTAL and detailed in Appendix (E.3). 
/ 
,- .. 
CHAPTER FIVE 
SELF-EXCITED DYNAMIC BRAKING SCHEMES 
, 
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Frequent and efficient braking is an essential requirement of many 
electric drive systems, and one of the major design problems is that of 
stopping the machine in the shortest possible time, and ensuring that the 
energy of rotation is dissipated in a way I~hich does not damage the Idndings. 
As discussed in the previous chapters, induction motors are usually braked 
by: 
d.c. injection in the stator circuit, with the rotor of a Ifound-
rotor machine, either short circuited or closed through an external 
.'". 
impedance, 
- reversing the supply phase sequence and subsequently disconnecting 
when zero speed is reached, 
- the use of an appropriate capacitor-magnetic braking arrangement. 
Recently, much attention has been directed tOlmrds the use of silicon 
rectifiers either in the stator or the rotor circuit of an induction motor 
to improve the dynamic braking perform~,ce, and nUmerous publications(67-7l) 
have reported the success of these techniques. Some of these proposals are 
now investigated, and a comparison is made I~ith other braking methods. 
Methods of simulating the diode configuration for a digital computation 
study are summarized, and the branch elimination method in conjunction with 
conventional tensor analysis is used to investigate the machine transient 
behaviour under the various braking schemes. Computational techniques are 
described for the solution of the circuit differential equations expressed 
in direct phase form and when switching devices are placed in the stator 
circuit and in the rotor circuit. A comparison between the experimental and 
predicted results is produced, and a high degree of agreement is obtained for 
all schemes investigated. 
, 
-76-
5.1 METHODS OF SHIULATING SWITOUNG DEVICES ON DIGITAL COMPUTERS 
Due to the non-linear behaviour and discontinuous operation of the 
"t h" d; d"" 1 " 1" h d (69-77.) h b " 1 SW1 C 1ng eV1ces. 191ta S1mu at10n met 0 s ave een extens1ve y 
used for the analysis and study of thyristor circuit. A diode is usually 
assumed to be a special case of a thyristor. and both diodes and thyristors· 
are normally represented. by a 2-state logic variable. with a 1 indicating the 
conduction state. and a 0 the non-conducting state. For a diode,conduction 
starts when the anode voltage becomes positive with respect to the cathode 
voltage. and continues as long as current flows in the forward direction. 
The non-conduction state then continues until the anode voltage again 
becomes positive. Since initiation of conduction depends on the circuit 
conditions during the previous period. both switch on and switch off 
conditions must be examined before proceeding with the analysis and also 
at the beginning of each step of the numerical solution. 
In the next section. the most generally used methods of simulation of 
thyristor circuits. are discussed. 
5.1.1 Resistance Representation Method 
This method assumes a bi1inear voltage and current characteristic as 
shown in Fig. (SJb) and represents the switching device by an appropriate 
resistance normally determined from the slope of the appropriate part of the 
characteristic. The resistance of the device is very high in the non-
conducting state and very 10l~ in the conducting state. and a diode can 
therefore be represented by the 2-branch equivalent circuit as shown in 
Fig.(S.lc). with each branch incorporating a resistance in series with an 
ideal sldtch. Since the ideal switches arecornp1ementary. the voltage 
across the diode can be derived from the equivalent circuit as. 
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~:J ~e 0 J[I J ~eJ [:] = + o ~C 0 1 iNC (5.1) 
so that, 
[~J = [~ : He-v] -0 - .v ~CNC (5.2) 
\~here, suffices C and NC indicate conducting and non-conducting states 
of the diode, and Vo is the threshold voltage. 
From equation (5.2), it is clear that the diode does not conduct 
1.nlless v c>Vq' and that because of the high value of ~C ,iNC is almost zero. 
When equation (5.1) is combined with the differential equations of the 
machine the resistance of a non-conducting diode makes the effective· 
resistance of the associated' circuit very high. Since there is a relation-
ship between the time constant of the circuit and the maximum aUo\~able 
integration step length to maintain stability, this results in a large 
increase in computation time and makes this method of no practical value. 
5.1.2 Branch Elimination Method 
Branches of any network which contains switching devices in the non-
conducting state are effectively open-circuit and these devices may be 
removed from the circuit; this leads to the development of the branch 
elimination method. Each combination of on or off states of the s\~itching 
device yields a 1.nlique circuit mode, and when a branch is eliminated the 
remaining branches form a reduced network to \~hich a new circuit mode may 
be assigned. This mode may be changed if anothew conducting device becomes 
non-conducting or if a positive voltage appears across a previously non-
conducting diode or gated thyristor. For each circuit mode a set of 
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differential equations can be derived, and subsequently solved in terms of 
the initial values of the corresponding variables at the beginning of the 
step, and this process necessitates the implementation of a suitable 
mathematical transformation. 
A similar problem has been studied by Williamsf71 who devised a 
computer-aided technique for solving the differential equations of a 
complicated network containing switching devices. He concluded that "The 
tensor method of circuit analysis developed by Kron and refined by Gibbs. 
and others, provides an elegant technique not only for formulation of the 
equations of any network, but also for combining several simple networks into 
more complex structures". The mathematical properties of tensors and the 
advantages of Kron's approach are all discussed in detail in reference. (77) 
The same technique is also used here, to solve the differential equations 
of the induction motor when braked by either of the schemes under study •.. 
5.2 FORMULATION OF THE NETWORK EQUATIONS 
Difficulties are introduced in the analysis of thyristor and diode 
networks by changes in the circuit confil,luration caused by the sliitching 
action of the devices and these may conventionally be overcome by the use 
of a computer-aided technique. If.the operating conditions of the devices 
are known at a particular time, tensor techniques can be used to obtain a 
set· of differential equations for the network leading to a method which can 
be summarized in a series of formal steps. The first of these, is to produce 
the primitive network in which the connections between the elements are 
removed and each element is represented by the simplest physically realisable 
, 
circuit. In doing so, a voltage source is assumed to have an associated 
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impedance, which is set to zero. An impedance branch is also assumed to 
have an associated voltage source, which is again set to zero. A typical 
primitive network representation of the circuit of Fig. (5.2a) is shown in 
Fig.(5.2b), from which the voltage tensor is 
[v 1 " [Z 1 [i 1 p p p (5.3a) 
where [Z 1 and [i 1 are respectively the impedance and the current tensors 
p p 
of the primitive network, i.e., 
[v 1 " 
.p 
and 
[Z 1 = p 
0 
VI 
v2 
V 3 
0 , [i 1 " P 
0 
0 
0 
0 
0 
0 
0 
i pl 
ip2 
ip3 
ip4 
ip5 
ip6 
ip7 
ip8 
ip9 
(5.3b) 
, 
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The second step in this approach is to relate the currents of the 
primitive network to the independant branch currents of the actual network. 
The number of independant branch currents is given by (B-N+1), where N is 
the number of nodes and B is the number of branches. From Fig. (5.2a) the 
relationship between the currents of the two systems is: 
i pl 1 0 0 0 
ip2 0 1 0 0 iA 
ip3 -1 -1 0 0 
ip4 1 0 0 0 iB 
= 
ip5 0 1 0 0 
ip6 -1 -1 0 0 
i 
a 
ip7 0 0 1 0 
ib 
ip8 0 0 0 1 
ip 0 0 -1 -1 
which leads to, 
[i ] = p [Cp]' [ii] 
where [Cp] is the transformation tensor. 
The circuit equation of the independant system is, 
[v.] = [Z.]. [i.] . 
1 . 1 1 
Since it is necessary to maintain power invariance through the trans-
formation from the primitive to independant systems, , 
[V.]t[L] = [v ]t[i ] 
1. 1. P P 
and by substituting equation (S.4b) in equation (5.6), 
t [Vi] = [Cp] • [vp] 
where [Cp]t is the transpose tensor of [Cp] and equals [Cp]-l in order 
to satisfy the power invariance condition. 
(S.4a) 
(S.4b) 
(5.5) 
(5.6) 
(5.7) 
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Combining equations (5.7),(5.4) and (5.3) gives 
[v.] = (C ]t(Z HC ][L] 
l. P ppl. 
showing that the impedance tensor of the independant system is 
(Z.] = [C ]t(Z HC ] 
l. P P P 
For a complicated network, it is sometimes preferable to use a 
loop rather than a nodal method of analysis, and the number of loops 
required to implement this is 
M = (B-N+l) . 
By a suitable choice of the network loops, the relationship between 
the loop currents and the independant branch currents is 
[L] " [C.][iL] l. l. 
where [iLl is the loop current tensor, and (Cil is the transformation 
tensor relating the loop currents to the branch currents in the netiiOrk. 
(5.8) . 
(5.9) 
(5.10) 
(5.11) 
Since the number of independant lo'op currents is the same as the number of 
independant branch currents, (C.] is a unit tensor in this example. 
l. 
If the above mathematical procedure is repeated, the relationship 
. between the loop impedance tensor and the primitive network impedance 
tensor is 
[ZL] " (C ]t[C.]t(Z ][C.][C ] P 1 P l. P 
where [ZL] is the independant loop impedance tensor. 
Using the group property of tensors, sets of linear transformations 
(5.12) 
can be .combined into a single transformation tensor, and the.independant loop 
impedance tensor may be written as 
= [C ]t[Z ](C ] g p g (5.13) 
where 
(5.14a) 
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and 
If, for any reason, the network configuration is changed, i.e., 
a previously conducting diode becomes non-conducting, the associated 
branch is eliminated and the number of network loops is reduced. It is 
(S.14b) 
clearly necessary to relate the new configuration to the previous one and 
this can be achieved in two ways. In the first, the new loop currents 
are related to the corresponding independant branch currents by 
so that the impedance tensor for the new mode is, 
[ZLL] .. [C. ]t[C ]t[Z HC. HC ] m p p 1n p 
where [C
in
] relates the loop currents of the latest mode to the 
independant branch currents. 
The second way is to generate a new tensor [CL] which relates the 
(S.lSa) 
(S.lSb) 
new loop currents to the old loop "Currents, and in the case of a complicated 
network the currents are related as 
(S.16a) 
. and tho impedance tensor is 
(S.16b) 
USing the group property equations (5.lSb) and (S.16b) can be re-
arranged as " . 
[ZLL] .. [~]t[ZP][CT] (5.1 ~) 
where [CT] .. [Cp] [Cin] .. [Cp][Ci][CL] (5.18) 
Equation (5.18) can be used to derive the differential equations 
of the network, and this will save computation time cOllpared to the 
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multi-transformation reduction process, i.e. equations (S.ISb or S.16b). 
However a multi-transformation approach is better in circumstances, such 
as when the coefficients of an impedance tensor (or part of them) need 
to be updated at each step of the numerical solution. 
When the primitive impedance is expressed in terms of its resistance 
tensor [R l, inductance tensor [Ll and the rate-of-change of the p . p 
-
inductance tensor [Gpl, the corresponding loop tensors [RLL1,[LLLl and 
[GLLl can be determined in a similar way to [ZLL]' as described above. 
The network differential equation can therefore be rearranged as, 
which is obviously a first-order differential equation solvable by 
numerical integration techniques. 
5.3 COMPUl'ATIONAL LOGIC AND COMPUl'ER PROGRMI 
The non-linearity of the basic differential equations'of the 
induction machine and the changes in the network configuration arising 
. from the mode of operation of the switching devices, make the use of a 
(5.19) 
d,q model impracticable for an overall analysis of the network. Consequently a 
direct phase model was used and a suite of computer programs, all based on 
the direct phase model of the machine, and which use the branch elimination 
method in conjunction witb the tensor analytical technique described above, 
were devised for use in the investigation. Although these programs have 
some differences, as detailed in Appendix (E.4), they are all based on the 
same logical conditions and assumptions, which are: 
1. Delta-connected circuits are replaced by their equivalent 
star-connected circuits. 
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2. The conduction conditions of each switching device are checked 
from the voltage induced in the related stator winding, due to 
the rotor mmf, just before reconnection, and the state logic 
variables of each switching device are therefore assigned. 
3. The network configuration is now adjusted according to the 
conduction conditions of the switching devices and the associated 
state logic variablLs found from step 2. 
These conditions are checked prior to commencing the analysis, in 
order to provide the initial conditions for the network. To accomplish 
the ,analysis the following conditions are used, 
1. Two logic conditions are checked after each integration step, 
a. If the voltage across the diode terminals changes from , 
, negative to positive, the state logic variables are changed 
from 0 to 1. 
b. If the ,calculated current through the diode reduces to zero 
or goes negative, the state logic variable is changed to a 0 
and the network configuration is adjusted accordingly. 
2. Both the current and its rate-of-change are set to zero for the 
non-conducting conditions. 
Since the configuration of the network depends on the conduction 
conditions of the switching devices, all possible configurations have to 
be considered when solving switching circuit problems. Once the conduction 
conditions in the system are checked within the main program, the appropriate 
state logic variables and the correct netl~ork configuration follow. Two 
procedures have been tried in order to devise a program required for the 
solution of this problem. 
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The first is used to set up a different subroutine for each network 
configuration, and this subroutine stores the parameters of the primitive 
circuit and the corresponding transformation tensor required to derive the 
modified impedance tensor and hence the network differential equation. 
The second procedure uses a common subroutine to formulate the 
required transformation tensor when the state logic variables are known. 
This tensor is for use within the main program, to determine the modified 
impedance matrix and hence to derive the associated differential equation 
," 
of the network. 
Once the differential equations of the network are knolffi, they can 
readily be solved using any single step integration method. Single-step 
methods have to be used to overcome the discontinuities arising from the 
operation of the switching devices. A 4th-order Runge-Kutta method is 
USed "for the reasons previously discussed. 
The electromagnetic torque, machine speed and the angular displacement 
of the rotor can be determined as for the normal motor. Having determined 
the circuit variables, the voltage across the diode may be found from the 
loop voltage equation and the conduction conditions. and hence the network 
configuration can therefore be checked and updated if necessary. 
5.4 DYNAMIC IlRAKING MeTHODS 
(67-71) Various different diode arrangements have been suggested recently 
to improve the braking performance of the induction motor. The diodes are 
connected in either the stator or the rotor circuit of the motor and their 
effect is to produce a unidirectional current and mmf in the associated 
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windings. This technique replaces the conventional d. c. dynamic braking 
method and it avoids the use of a separate supply. Successful braking has 
been claimed for all these methods and one object of the present study is to 
compare them under the same test conditions. 
5.4.1 Diode Short-Circuit Braking System 
This method has been su,:;gested by Kaplan and Lapidus ~67) who used two 
diodes in series, as shown in Fig.(5.3.1a), to short-circuit the stator 
terminals. of the motor after disconnection from the supply. The authors 
concluded that the method is efficient for low inertia machines up to IOkW 
or more, although no specific limit on the moment of inertia was given. 
Since no external supply is used, the. magnetic energy stored in the motor 
is dissipated in the motor lfinding, resulting in a braking torque of short 
duration. As the speed reduction depends on the ratio of the kinetic 
energy of the,rotating masses and the magnetic energy of the motor, the 
braking torque developed by an unloaded motor, therefore causes insignificant 
reduction in the speed. 
S.4.1.1 Network,Analysis, 
To analyse this system on a digital computer, the computational 
technique described in sections (5.2) and (5.3) is followed, and the required 
diffcl'Oi\tial equations were dori vcd accordingly the voltage [v] boing zero 
in this case. Depending on the condition mode of the diodes, four valid 
circuit configurations can be identified: 
1'. tlhen both diodes are conducting, four independant loop equations can be 
formed from the system as shown in Fig. (S.3.1b). The branch currents are 
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Te1ated to the loop CUTTents by equation (5.11), leading to 
-1 
1 
o 
1 
o -1 
o 
o 
o 
o 
o 
o 
o 
o 
o 
010 
o -1 -1 
o o o 
2. When only diode 1 is conducting bTanch C is eliminated. TIle 
netwoTk is left with thTee independant loops, and the cUTTents aTe 
related to the branch CUTTents by equations (5.15), 
or, 
" 
-1 
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-1 
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o 
o 
1 
o 
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o 
o -1 -1 
001 
1 
o 
o 
o 
o 
o 
1 
o 
o 
o 
o 
1 
(5.20) 
(5.21a) 
(5.210) 
By using the gTOUp propoTty of tensors [Ci ] and [CL] can be combined and 
equation (S.21b) is hence Tep1aced by 
iA -1 0 0 
iB 1 0 0 iLLl 
iC 0 0 0 
" 
iLL3 (5.2Ic) 
i 0 1 0 a 
ib 0 -1 -1 iLL4 
i C 0 0 1 
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3. When only diode 2 is conducting, branch A is eliminated, and the loop 
currents are related to the branch currents by 
iA 0 0 0 
iLL2 
iB I 0 0 
ie -1 0 0 i LL3 = 
ia 0 1 0 
ib 0 -1 -1 iLL4 
i 0 0 1 
c 
4. When both diodes are non-conducting, no current flows through the· 
stator windings and the machine behaves as if,it is disconnected 
from the supply, and the rotor currents continue to flow. The 
currents are therefore related by, 
iA 0 0 
i8 0 0 i LL3 
ie 0 0 ,,' 
ia I 0 
iLL4 
ib -1 -1 
ic 0 .1 
(5.22) 
(5.23) 
When USing this technique, the network impedance matrix can be 
modified and the associated differential equations derived and then solved. 
A digital computer program DIOSHORT '''hich is detailed in Appendix (B.4.1) 
has been developed for this purpose. 
" 
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5.4.1.2 Discussion of the Results, 
Typical experimental and predicted results for the transients in the 
machine following diod~ short-circuited braking conditions are shown in 
Fig.(5.4). From these curves, it is clearly noted that both the voltage 
and the current induced in the stator liindings are of small amplitude and 
short duration, which is a c~nsequence of the diminished rotor mmf. It is 
further noticed that the torque developed by the machine is small -and of 
short duration resulting in -an insignificant reduction in the machine speed. 
The machine therefore continues to run, being retarded only by friction and 
windage losses. Both experimental and predicted results show that,for 
longer periods of supply interruption, the transient results following 
reconnection are smaller, and a good degree of agreement between the 
associate'd results has been obtained, as shown in Fig. (5.4). 
5.4.2 Dynamic Braking by a Single-Phase Supply 
These schemes are based on the Siemens ssw-cennection~71) where a 3-
phase motor is reconnected to a single phase supply while the motor is 
TIlllning at high speed. The three different arrangements detailed below are 
possible. 
5.4.2.1 Single Phase Operation 
When a 3-phase induction motor is reconnected to a I-phase supply 
(i.e. any two stator windings being connected to a 1-phase supply and the 
rern~ining phase being either left open or connected to either of the supply 
terminals) as shown in Fig. (5.3.2a) a braking torque is generated. Since 
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the motor now behaves as a single phase motor, the effect of the braking 
torque is relatively small in comparison with that of the acceleration 
torque, resulting in a reduction in speed to a certain value at which the 
motor continues to run. From the connection diagram of Fig.(5.3.2b) the 
-
machine currents are related to the independant loop currents by, 
iA 1 0 0 0 
iB 0 1 0 0 i LLI 
iC -1 -1 0 0 iLL 2 (5.24) 
= 
ia 0 0 1 0 i LL3 
ib 0 0 0 1 iLL4 
i 0 0 -1 -1 
c 
5.4.2.2 One Diode in a Single Phase Supply 
When a diode is connected in series witn phase A, and this is 
shunted with phase R, as shown in Fig. (5.S.3.a), the braking developed by 
the motor is increased due to the effect of the stationary mmf produced by 
the rectified current in phase A. The braking torque becomes greater than 
the accelerating torque produced by the sing1e phase currents in other 
l'Iindings, resulting in a speed reduction, Since the nett decelerating 
torque is small, the machine takes a reasonably long time to come to rest. 
Because of the combined effects of the single phase operation and the non-
rotating field from the rectified currents, the machine can not build l~ 
speed again once it has come to rest, 
Since only one diode is used, t\~O circuit configurations can be 
identified and used to represent the netllork as shown in Fig. (5.S.3.b), 
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1. When the diode is conducting, the relationship between the currents is, 
iA 1 0 0 0 
iB 0 1 0 0 iLL1 
ie -1 -1 0 0 iLL2 
= 
(5.25). 
i 0 o. 1 0 i LL3 a 
ib 0 0 0 1 iLL4 
i 0 0 -1 -1 
c 
2. When the diode is not conducting, the motor behaves as a normal 
single-phase motor with the auxilary winding disconnected, and the 
currents are related by, 
iA 0 0 0 
iB 1 0 0 iLL2 
ie -1 0 0 
= 
i LL3 
(5.26) 
i 0 1 0 
a 
iLL4 
ib 0 0 1 
i 0 -1 -1 
c 
5.4.2.3 Two Diodes in a Single Phase Supply 
This scheme is. a further modification to the methods described 
above, in which diodes are connected Idth opposite polarity such that 
half-wave rectified currents simultaneously flow in phases A and B. The 
current flO\~ing in phase e, which is the sum of the currents in phases A 
and B, is consequently alternating. This implies that the stationary mmf 
produced by these currents is increased over that of thE) previous methods. 
The braking torque is now considerably higher than the accelerating torque 
and the motor reduces rapidly to rest. Since the motor has no starting 
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torque, it cannot start again in the reverse direction. 
Because of the arrangement of diodes, three conduction conditions are 
applicable and hence three netliork configurations can be identified, as 
shown in Fig.(5.3.4b): 
1. When only diode 1 is conducting. branch B is eliminated, and hence the 
relationship between the currents is. 
iA 1 0 0 
iB 0 0 0 
iLL1 
iC -1 0 0 
= i LL3 (5.27) i 0 1 0 
a 
ib 0 0 1 iLL4 
i 0 -1 -1 
c 
2. i'/hen only diode 2 is conducting, branch A is eliminated and the 
currents are related by, 
iA 0 0 0 
iB -1 0 0 iLL2 
iC 1 0 0 
= 
i LL3 
ia O· 1 0 
(5.28) 
ib 0 0 1 iLL4 
ic 0 -1 -1 
3. When both diodes are conducting (due to overlap of the conduction 
period of the two diodes), the currents are related by, 
iA 1 0 0 0 
iB -1 -1 0 0 iLL1 
iC 0 1 0 0 iLL2 (5.29) 
= i 0 0 1 0 i LL3 a 
ib 0 0 0 1 i. LL4 
i 
c 
0 0 -1 -1 
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The machine impedance matrix can again be modified according to the 
above current relationships, and the corresponding differential equations 
can be developed and solved using the numerical technique previously 
described. This led to the development of a suite of computer programs for 
the solution of the schemes mentioned above, and called respectively 
DIOPHASE- 0, DIOPIIASE-l and DIOPllASE-2 where 0,1 and 2 denote the number of 
diodes in the network. Details of these programs are given in Appendix 
(E.4.2, ,). 
5.4.2.4 Discussion of the Results 
Typical computed and experimental results for these single phase 
braking schemes are shown in Fig.(5.5). From Fig.(5.5.l) it is noticed that, 
follO\~ing reconnection to a single phase supply, a fairly high braking 
torque is generated \~hich begins to reduce the speed of the machine. The 
effect of this torque is then gradually reduced, due to the accelerating 
torque, and the machine continues to run at a reduced speed. The effect of 
the single phase operation is clearly distinguished when a pulsating torque 
is produced by the machine, as shO\~n in the associated torque curve of 
Fig. (5.5.1) • 
The braking torque produced by the machine is increased when a diode is 
connected in the stator circuit, due to the effect of the non-rotational mmf 
produced by the rectified .current of phase A, as shOlm in Fig. (5.5.2). This 
torque is also found to be of larger magnitude, and of longer duration than 
that of the above scheme, and despi te the effect of the pulsating torque 
produced by the single phase currents, the speed is further reduced but the 
machine still needs a long time to come to rest. Due to the phase 
difference between the vol tages in phases A and B, circulating currents flOl~ 
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in the machine windings and these prolong the conduction period of the 
diode, as can be clearly seen in the curves of Fig.(5.5.2). 
From the computed and experimental results for the machine under the 
braking scheme of Fig.(5.3.4), it appears that the braking torque is 
further increased over those of the previous schemes, due to the larger non-
rotational mmf produced by the rectified currents in phases A and B. Since 
the arrangement of diodes allows an alternating current to fIOli only in phase 
C, a pulsating torque is also developed by the machine as shOlm by the 
positive ripples in the torque curve of Fig. (5.5.3). The resultant braking 
torque causes consequently a rapid reduction of the machine speed compared 
with the previous schemes, and a shorter braking time results. On comparing 
the predicted and experimental results for the above schemes, a good'degree ' 
of agreement is obtained. 
5.4.3 Plugging lVith 2-Diodes in a 3-Phase Supply 
This method has been introduced by McGennis~7d) who studied the 
possibilities of braking the induction machine under different conditions. 
Much attention is given to the scheme, which uses two diodes connected in, 
the same polarity sense in two phases of a 3-wire supply, I~ith or without 
a reversal of the phase sequence. This arrangement is sholm in Fig. (5.3.5). 
Although various computed and experimental results were measured, all the 
experimental transient results were not properly scaled. These methods are 
also investigated, in order that they can be compared with the previous 
schemes. 
5.4.3.1 Circuit Analysis 
When a machine is reconnected to the supply without a phase sequence 
revers aI, half-wave recti £led currents flow in those phases containing 
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diodes while their sum passes through the third. The braking torque 
produced during reconnection is consequently insufficient to cause any-
significant reduction in the speed, and the machine continues to run almost 
synchronously, i.e., as a single-phase induction motor. 
If, on the other hand, the phase sequence of the reconnected supply 
is reversed, the braking torlue due to plugging is much greater than the 
accelerating torque, and the machine is rapidly brought to rest. - Since the 
torque produced by the machine is now zero, the machine will remain at 
standstill. 
The circuit-arrangements can be analysed in a similar Nay to that of 
section (5.3), and the differences between the two schemes can be included 
by adjusting the voltage tensor [v] in both cases. The network configurations 
are also determined from the mode of operation of the diodes, which can be 
any of the following possible configurations: 
1. When both diodes are conducting, the machine currents are related to 
the currents of the independant loops by, 
iA 1 0 0 0 
iB -1 -1 0 0 i LLl 
ie 0 1 0 0 iLL2 
= (5.30) 
i 0' 0 1 0 i LL3 a 
ib 0 0 0 1 iLL4 
i 0 0 -1 -1 
c 
2. When only diode 1 is conducting, branch e is eliminated leaving the 
network with 3 independant loops, and the currents are related by, 
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1 o o 
-1 o o 
o o o 
= 1 o 
(5.31) 
o 
o o 1 
i 0 -1 -1 
c 
3. Mlen only diode 2 is conducting, branch A is now eliminated and the 
relationship between the currents is, 
o o o 
-1 o o 
1 o o 
= 
o o 
(5.32) 
1 
o o 1 
4. I~en neither diode is conducting branches A and C are both eliminated, 
and although phase B is still connected to the supply, it provides no 
return path for the current to flow back to the supply. The machine 
can be now treated as if it is disconnected from the supply, and the 
currents are related by, 
o o 
o o 
o o 
= I o 
From the above relationships, the differential equations of the 
(5.33) 
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machine can be derived. A computer program called DIOPLUG is used to 
obtain solutions for both schemes with the voltage matrix being modified to 
include plugging effects. Details of this program are described in 
Appendix (E."4.3). 
5.4.3.2 Discussion of the Results 
Typical results for the transients in the machine following plug-
braking conditions are shown in Fig.(S.6.1). From these curves half-wave 
rectified currents of relatively high magnitude are seen to flow in the phases 
containing diodes, and a unidirectional current equal to the sum of these 
currents flows in the other phase. This results in the production of a 
high, non-rotational mmf ana hence in a unidirectional torque acting in 
addition to the retarding torque consequent upon plugging. The nett" braking 
torque is therefore sufficient to cause a very rapid reduction in the motor 
speed. Although a high degree of agreement between experimental and 
computed results is generally noted, as shown in the associated curves, after 
the machine has come to rest, a pulsating torque and speed are noticed in 
the computed results. Due to the limitations" in the measuring technique, 
these pulsations are absent in the experimental curves. However, since the 
average value of the computed results is zero, the agreement between them 
and the associated experimental results can be regarded as still satisfactory. 
Since the motor is ~till connected to the supply, currents continue 
to flow in the stator windings and vOltages and hence currents are induced 
in the rotor windings by transformer action. A torque proprotional to the 
mmfs produced by these currents is generated, but this is not sufficient 
for the speed to build up in either direction and the machine remains at 
rest. "Since the flow of these currents while the machine is at rest may 
cause a high temperature rise and damage the machine insulation, the supply 
must be disconnected once the machine comes to rest. 
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The transient results, Fig. (5.6.2), following reconnection to the 
supply without a phase sequence reversal, indicate that, although uni-
directional currents flow in the stator \dndings, they are of 
smaller magnitude than those for the plugging scheme. This results in a 
insignificant braking effect and the machine continues to run at almost 
synchronous speed. This is obviously due to the accelerating torque 
generated in the machine by the combined effects·of the various mmfs 
produced by the machine currents, being greater than the sum of the braking 
torque developed in the machine and the friction and \dndage losses at this· 
speed. 
5.5 CONCLUSION 
A study has been undertaken of some dynamic braking schemes which 
contain diodes in the stator circuit of an induction motor, and the 
following conclusions can be drawn: 
_ for all the schemes the experimental and computed results are in 
good agreement, giving a high degree of confidence in the method of 
analysis and encouraging the adoption of the same method for the 
analysis of similar problems, for example networks containing diodes 
in the rotor circuits. 
_ the plug-braking scheme affords the most rapid reduction in the 
machine speed. 
_ it is necessary to disconnect the supply when the machine reaches 
zero speed. 
_ the resultant mmf produced by the stator currents is found to be 
pulsating but non-rotational, even though the machine is reconnected 
to a 3-phase supply (e.g. plug braking) as shown.in Fig. (5.7). This 
increases the chance of producing braking torque effect following 
reconnection. 
CHAPTER SIX 
SPEED Aim TORQUE MEASUREMENT 
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Methods of measuring the torque of an induction motor may be grouped 
according to the manner in which the torque is represented. A first 
group may thus include methods suitable for machines coupled to a load, 
where the transmitted torque is measured as an effect caused by a change 
in the angular displacement of the coupling shaft due to a torsional 
moment. The effect may be either: 
- a surface elongation or compression of the shaft, 
in the output of appropriately-mounted resistance 
bridge, 
causing a change 
(18 7 .,) 
strain-gauge 'u 
- a change in the distances, by which the plates of a capacitance 
strain gauge(77,80Jre separated, changing the capacitance of the 
gauges, 
a variation in the size of a micrOlmve cavity~81) changing the 
capacitance of the cavity- and also affecting the energy transmitted 
by the cavity, 
_ a change in the permeability of a magnetic shaft coupling the two 
machines, changing the inductance of a magnetic circuit incorporating 
this shaft (82) 
a change i~ the air gap of a magnetic core, changing the inductance 
of the circuit~3) 
All these variations cause a corresponding change in the output of 
the associated measuring circuit, which can be calibrated according to the 
transmitted torque. 
A second group of techniques incorporates methods suitable for 
measuri.ng the torque of machines not coupled to any load. These assume 
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that the rotational losses are negligible, so that the electromagnetic 
torque of the machines_is equal to the accelerating torque and a measure 
of it is therefore provided by the acceleration. TIle acceleration can 
be measured directly using a d.c.-excited drag-cup generator~84) or 
indirectly by differentiating a signal proportional to the speed. TIle 
required output in this 
diffraction grating~20) 
drag-c~p generatorf84) 
second case can be obtained from either __ a 
a d.c. tacho-generator, or an a.c.-excited 
TIle use of specially developed electronic circuits 
will allow the signal to be conditioned in an appropriate way, or a 
digital computer can be employed for this purpose. 
The method used in this thesis is of the last type, and is based on 
a measurement of the time required for the rotor to turn through a given 
angular displacement. The method employs special electronic circuits 
whose outputs are directly fed into a digital computer, lihich is used to 
calculate both the speed and the electromagnetic torque of the machine. 
This technique is described in detail in the next section and in 
Appendix (D). 
6.1 PRINCIPLES OF THE SYSTEM 
If a moving body is timed over a specified distance, both the average 
speed and the acceleration can be calculated from the equations of motion, 
and the same principles can be applied to the rotational situation of an 
electric machine. If an opaque disc with a number of slots around its 
circumference is mounted on the shaft, and is placed in the ga~ of an 
optoelectronic device, pulses are generated in the sensor at a rate 
proportional to the speed of the shaft. TIle number of t)lcse pulses is a 
measure of the angular displacement of the shaft, and the interval between 
pulses is a measure of the distance between adjacent slots. By using the 
pulses to reset a counter fed from. a constant frequency source, the time 
taken for the shaft to turn through a specified angle can be measured, 
and the rotational speed and the acceleration can be calculated. The 
electronic circuitry and the computer programs required are detailed in 
Appendix (D). 
6.2 CALCULATIONS OF TIlE SPEED AND TORQUE OF THE MACHINE 
With friction, \'lindage and other losses assumed negligible, the 
electromagnetic torque of an unloaded induction motor is equal to the 
accelerating torque, or, 
If the speed of the machine e is sampled rapidly, it may be 
assumed constant throughout the sampling interval, so that the speed is 
and the acceleration, 
. is 
,= 
dt 
(6.2) 
(6.3) 
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where e
l 
and 8
2 
are the speeds at the beginning and the end of the 
sampling period T during which the angular position of the rotor changes 
by M. 
If the circumference of the disc is divided into N equal arcs and 
the time T for each arc.to pass a fixed point (i.e., the optoelectronic 
211 device) is recorded, the steady state speed of the machine is FIT rad/s. 
During a transient period the intervals are not equal and the speed 
samples are therefore 
which on substitution in equation (6.3) gives 
From equation (6.1), 
1 
T 2 
which is positive during acceleration (T l>T 2)' negative during br:l1<ing 
or deceleration (T2>1'l) and zero under steady-state conditions. 
6.3 LIMITATIONS OF THE SYSTEH 
On comissioning the system described above, the follOl~ing points 
were observed: 
1. Due to manufacturing difficulties the slots in the aluminium 
(6.4) 
(6.5) 
disC were not equi-spaced, though they·were within the accuracy 
of mechanical measurement. This makes it necessary to calibrate 
the distance according to the time counter readings with the 
motor running at constant speed. 
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2. The interval betlqeen pulses changed at a rate equal to the slip, 
even with the machine running at constant speed. To minimize 
the error thereby produced, calibration measurements were based 
on an average count over 10 revolutions of the shaft. 
3. When the motor is stopping a large count can occur, and if this is 
greater than- the number 32768 the computer core overflows. Under 
these conditions it is difficult to obtain the exact counter 
reading, and to help with this it is useful to divide the reading 
using a J-K flip-flop circuit (-see Appendix D). This effectively 
multiplies the apparent computer storage by four, and although 
some errors are created in the counter readings these are within 
permissible limits when a 2-stage J-K circuit is used. 
4. Despite precautions used to combat interferance. random pulses 
- \ 
are induced in the electronic circuit as the contactor disconnects 
and reconnects the supply. These pulses are transmitted to the 
Pulse Processing Circuit where they spuriously reset the counter 
readings, and thereby cause the actual readings to be divided 
into several sub-readings. Checking the counter readings is 
therefore necessary before proceeding with calculation of speed 
and torque. 
5. Because of the oscillations in the pulse interval mentioned above, 
the computer indicates torque even at constant speed, despite 
the correcting steps considered above. This torque was found to 
lower when an interval greater than that between two slots is 
used to calculate the torque,and an interval of 5 slots gave a 
reasonable result. 
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6. It was also fO\llld that the error introduced by missing one 
CO\lllt is approximately 0.8 Nm. The effect of missing a count 
decreases for higher timing frequencies and additionally 
increases the chances of overflow in the computer register. 
This could be avoided by using a higher stage J-K flip-flop 
circuit. 
Despite the above problems, a reasonably high degree of agreement 
betl1een computed and experimental speed results has been obtained for 
various connection and reconnection operations investigated. Unfort\lllately 
when used to calculate the torque the system failed to produce acceptable 
results and the system was therefore used only to measure the speed. If 
this method is to be used for measuring torque, it 110uld be advis ab le to 
differentiate the speed si~lal rather than using the Pulse Processing 
stage. This would produce a si~al proportional to the acceleration 
from which the electroma~etic torque would be determined. 
CHAPTER SEVEN 
THE TRANSIENT BEHAVIOUR OF INDUCTION MACHINES· 
. FOLLOWING VARIOUS SWITCHING CONDITIONS 
_.",' 
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This chapter is devoted to a discussion of the results of the theoretical 
work of chapters 2,3 and 4, and a comparison of these results ,,,ith those of 
a corresponding experimental investigation is presented. Several different 
added rotor-circuit impedances were considered, which could be either 
linear (e.g. a resistor or a capacitor), or non-linear and a function of 
excitation (e.g. saturistor). The different arrangements were a basic 3hp 
3-phase motor with: 
I - a short-circuited rotor. 
11 - a delta-connected bank of rotor capacitors, with 2-parallel 
capacitors of O.OlF in each branch. 
III - as 11, but with a single capacitor of O.OIF in each branch. 
IV - an external saturistor. 
V - a star-connected bank of rotor circuit resistors, with 0.2sn 
in each phase. 
Various computational investigations were performed to show the effects 
of both the switching instant on the supply waveform and the initial speed 
'on the switching transients of the different rotor circuit arrangements. 
Plugging and d.c. dynamic braking conditions were also investigated, with 
the effects of the period of supply interruption and the switching instant 
again being considered. 
-' 
7.1 EXPERHlENTAL PROCEDURE 
In support of the theoretical analysis and the computed predictions, 
experimental investigations were performed on the machine arrangements 
mentioned above. The mechanical and electrical parameters of the basic 
machine were obtained from normal tests, as described in Appendix (B). 
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Load tests were carried out on the basic motor, the saturistor motor and 
the motor \~ith rotor capacitors of O.OlF/ph and O.02F/ph respectively, using 
a directly connected d.c. generator feeding a resistive load. Transient 
investigations which involved switching and re-switching operations were 
carried out using two interlocked and magnetically operated contactors. 
An ultra-violet recorder indicated the voltage transients in phase A of 
the stator windings and the corresponding current transients were obtained 
from the voltage drop across a very lO\~ standard and non-inductive resistor. 
Speed transients were obtained using signals derived from the toothed 
disc/light sensor arrangements discussed in chapter 6. For the reasons 
given in chapter 6, it was difficult to produce a comparable measured' 
torque transient, but since a high degree of agreement exists bet\~een the 
computed and experimental speed results, this was regarded as valida.ting 
the computed torque transients. 
7.2 STARTING CONDITIONS 
Starting transients occur when an electrically and mechanically 
inert motor is switched to a supply. Any secondary circuit capacitors 
are assumed to be initially uncharged, and if a sa.turistor is used the 
residual flux is assumed to be negligible. With the above assumptions, 
predictions of the starting transients were performed using the appropriate 
computer programs described in Appendix (E). 
7.2.1 Transients in the Basic ~Iotor 
Although similar results are obtained from both the direct-phase and 
the d.q model, the latter is found to be simpler for programming and to 
require less computational time. The computer program (D-Q.l), rather 
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than program (phase~l), was therefore used to calculate the transients of 
the basic motor. Typical computed and experimental results follOldng 
connection of the electrically and mechanically inert motors to the 
supply are shown in Figs. C7 .la,b). 
7.2.1.1 Transient Current 
Good agreement is evident in the comparison between the predicted ruld 
measured starting current transients of the basic motor shown in Fig. (7.1) • 
Two notable features may be observed in these curves: 
1) For a few cycles following connection, the experimental transient 
current is higher than the corresponding predicted results. This 
may be due mainly to a high level of saturation in the leakage 
flux paths, causing a reduction in the effective values of the 
leakage reactance. 
2) The envelope of the stator transient current is modulated by a 
low-frequency component, which can be explained as follows. The 
transient current contains exponentially decaying components, 
. which depend on the initial conditions in the circuit and on the 
instantaneous magnitude of the applied VOltage. In the induction 
motor, such exponentially decaying components exist in both the 
stator and the rotor circuit. The motor thus acts partially as a 
synchronous machine, with the rotor providing a decaying d.c. 
field rotating at the rotor speed. Currents at a frequency 
proportional to the rotor speed are thereby induced in the stator 
circuit, and when these are superimposed on the stator currents a 
modulated envelope results as shown in Fig. (7.1) • When the d. c. 
component in the rotor disappears, the normal sinusoidal phase 
currents are re-established. 
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computed starting current transients following connection to the 
supply at different instants on the applied voltage waveform are shOlm 
in Fig.(7.~. Only the first peak of these is affected greatly by the 
instant of switching, and the magnitude of the fol101~ing peaks remain 
substantially unchanged. 
The effect of the initial speed at which connection of the motor is 
made, is investigated in the computed results of Figs.(7.~. These curves 
show that both the magnitude and the pattern of the transient current are 
dependant on the initial speed, and that for higher speeds, the first peak 
is smaller and the transient period is shorter than at lower speeds. This 
behaviour can be explained on the basis of the associated rotational emfs 
generated in the machine windings; these emfs being dependant on both the 
transient mmfs produced by the transient currents, and the initial speed 
at which the machine is connected. 
7.2.1.2 Transient Starting Torque 
It will be noticed in the results for the transient torque of the 
basic machine in Fig. (7.1), that supply frequency. oscillations are initially 
evident. These oscillations are a direct result of the slip frequency 
interactions between the d.c. components of the stator and the rotor mmfs 
following connection ~o the supply and their amplitude is obviously 
dependant on the level of the decaying d.c. components. 
The effect of both the initial speed and the switching instant on 
the starting torque of the machine are shOlm respectively in Figs. (7.3) and 
(7.2) t:hich show that, although the starting torque is independant of the 
switching angle, it is greatly affected by the initial speed at which the 
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machine is connected. It is also evident that when the initial speed is 
less than 50% of synchronous speed, the first torque peak is positive, 
but that this becomes negati ve l~hen the initial speed exceeds 50%. The 
most severe negative torque follows connection at synchronous speed, although 
this is of academic interest only, unless the machine has a pole-change 
stator winding. 
Although· theory predicts that the transient starting torque is 
independant of the switching instant, it was noted that the starting torque 
transients in practice are however somewhere dependant on this instant. 
This discrepancy can be attributed to: 
a. Differing residual magnetic fields from previous operation 
introducing a varYing and largely unknoml effect. 
b. A practical inability to apply the 3-phase voltages simultaneously, 
again introducing a varying and unknown error. 
7.2.2 Transients in a Secondary-Capacitor Motor 
·7.2.2.1 Starting Current Transients 
Comparisons between the computed and experimental results of the 
starting currents for the two different rotor circuit capacitances are 
given respective ly in Figs. (7. 4-!i) • From these curves the following points 
are clearly observed:. 
a. the agreement in both cases is re.asonably good. 
b. the initial peaks of the transient current with the smaller 
capacitance are of greater amplitude than those with the higher 
capacitance. 
c. ferroresonance effects are clearly visible, particularly with 
the large capacitance in the waveform of the line current. 
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The computed effects of the switching instant and the initial speed 
on connection to the supply are shown for several values of capacitance 
in Figs.(7.6.7) and Figs.(7.8,9) , which shOl~ the amplitude of the first peak 
of the transient current to be dependant' upon the initial conditions. The 
amplitude of the following peaks increases as the capacitive reactance 
increases, until the capaci ti ve reactance is equal to the sum of the stator 
and rotor leakage reactances. Any further increase in the capacitive 
reactance brings about a reduction in the current amplitude. 
Figs. (7.3,8,9) shows the starting current transients to be greatly dependant 
on the speed on connection, and I~hen this is high the currents are more 
rapidly damped. This feature 'is readily explained on the basis of the emfs 
internally generated in the machine follOl~ing connection. 
7.2.2.2 Starting Torque Transients 
The starting torque transients computed for the machines with the two 
different values of rotor capacitance are sholm in Fig. Cl.4a) and Fig. !7.Sa) 
respectively, from which it will be notep that although the torque developed 
,with the smaller capacitance is greater than that with the larger capacitance 
there are fewer torque oscillations with the smaller capacitance. This can' 
be attributed to the smaller capacitance reducing more the reactance of the 
circuit, with a consequent increase in the starting currents and the 
associated electromagnetic torque. This larger torque accelerates the 
machine more rapi.dly, and reduces the change for the unidirectional rotor 
mmf to interact with the main field and to cause torque oscillations. 
The computed effect of the capacitive reactance on the first peak 
of the starting torque is shown in Fig. (7. lOa) , and from the results of 
a series of computational investigations on three differential motors, 
detailed in Table (7.1), Fig. (7. lOb) is obtained. From these curves it can 
• 
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be noted that the amplitude of the first peak of the transient starting 
torque is a maximum when the ca~acitive reactance of the rotor circuit equals 
the sum of the stator and rotor leakage reactance. TIlis feature is explainable 
on the basis of the relationship betl"een the starting current and the capacitive 
reactance discussed previously. 
Computed results for the starting torque following connection to the 
supply at different switching instants are shown in Figs. (7.6) and (7.7). 
These curves show the torque to be indepcndant of the switching angle but 
dependant upon the speed on connection, which can be explained in precisely 
the same way as for the basic motor. 
As discussed in section (3.7) the additional rotor capacitance reduces 
the no load speed of the- machine. -When a machine is connected at a speed 
about 50% of no-load speed an initial braking torque is generated, but this 
eventually becomes positive and the machine accelerates to its no-load speed. 
When the initial speed exceeds t'he no-load speed (even though this is far 
.below the synchronous value), the torque remains negative, and brings the 
speed down to the no-load value: Under these circumstances the machine 
'-
behaves as a generator drawing a capaci ti ve current from ·the supply. 
7.2.3 Starting Transients in a Saturistor Motor 
- Alth h . . ..' f h . - t (46-60) 
_ oug prev10us 1nvest1gat10ns 0 - t e.satur1stor mo or have 
concentrated on the steady-state behavio~r,the transient operation is 
clearly of great importance, and an attempt is made here to analyse these 
conditions. From the computed results obtained from the programs described 
in chapter 4, it was found that: 
a. the program which uses the hysteresis loop characteristics to 
determine the voltage induced in the saturistor coils produces 
results for the starting current transients about 200% greater 
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than the experimental values, although with a similar waveform. 
b. programs based on the direct-phase model, and which use the 
measured characteristic of the saturistor parameters, provide 
results which compare well with the experimental values. 
c. results predicted using the other methods proposed are found to 
be unacceptably inaccurate." 
Digital computer progr!lm SATPHASE detailed in Appendix (E.3) is 
therefore used to calculate the transients" experienced by the saturistor 
motor under various switching conditions. 
7.2.3.1 Transient Starting Current 
Both the computed and experimental results of the transient starting 
currents of the saturistor motor shown in Fig. (7.11)" and (7.12) are of 
smaller amplitude than the corresponding values for the previous conditions 
investigated. This may be attributed to: 
a. follo\~ing connection to the supp'ly the rotor currents normally 
exceed the pick up current of the hard magnetic material, resulting 
in a high level of saturation of the saturistor core and a high 
value of the saturistor circuit impedance. 
b. for a short period after connection, the rotor currents are almost 
at supply fr~quency. This implies a larger hysteresis loss and a 
further increase in the effective resistance of the saturistor. 
c. since the saturistor-motor currents are smaller than those noted 
previously, the level of saturation in the machine is lower, and 
the stator and rotor leakage reactances consequently are higher. 
The experimental results show the first peak of the transient current" 
to be noticeably higher than the rest of the waveform, with the low rate of 
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decay resulting in a longer transient period than that obtained previously. 
The effects of the decaying d.c. nnnf produced by the machine fo1101iing 
connection to the supply and the consequent effects are clearly shown on 
the curves as: 
a. a decaying amplitude superimposed on a decaying d.c. level. 
b. a low-frequency component superimposed on the envelope of the 
current waveforms. 
These features are explainable on the same basis as for the basic 
motor. 
Apart from the first peak of the transient current, good agreement 
exists between the computed and measured results of the machine with a 
star-connected stator, while only a reasonable agreement is achieved when 
the stator is delta-connected. This discrepancy is most probably due to 
the differing levels of saturation which exist in the t,·/o connections. 
7.2.3.2 Transient Torque 
Starting torque transients when the saturistor is included are shown in Figs. 
(7.11a). and (7.12a). for a star-connected stator and a delta-connected 
stator respectively. When compared with previous results, these transients 
\ 
are smaller in magnitude but have an increased number of oscillations. The 
reduction in torque is a natural consequence of the reduced starting 
currents, but the oscillations are due to a high level of d.c. bias caused 
by: 
a. sudden connection to the supply as explained in section (7.2.1), 
b. the flux trapped in the hard magnetic material of the saturistor 
during the previous switching conditions. 
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Additionally, slow starting speed increases the chance for developing· 
more oscillations during the transient period. Under saturation conditions 
the normal square-law relationship between the electromagnetic t,orque of 
the machine and the applied voltage does not apply, as is demonstrated 
during the few cycles of the torque results of both figures. 
7.2.4 Transients in a ~Iotor with Rotor-Circuit Resistance 
~Iotors with additional rotor-circuit resistance cah be treated 
analytically in the same way as the basic motor, and the digital computer 
program DQ-l can be used to predict the transient behaviour of this machine 
arrangement with the resistance matrix being modified slightly to include· 
the additional rotor resistance. 
7.2.4.1 Starting Current Transients 
Computed and measured results follO\~ing the connection of motor 
arrangement V to the supply are shown in Fig. (7.l3a,b). From these results 
it can be noted that good agreement between the associated results is 
evident, and that these transients generally follow the trend of the basic 
motor transients but with a longer transient interval. The starting 
current transients are of smaller magnitude than those of the basic motor 
and are modulated by slip frequency currents. This modulation can be 
attributed mainly to the effect of the decaying d.c. mmf components 
generated in the machine following connection to the supply. This 
phenomena occurs in exactly the same way as for the basic motor. The 
reduction in the magnitude of the starting current is an obvious result 
of the high rotor circuit resistance. It is also noted,that, for a few 
cycles following connection to the supply, the measured current results 
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are of higher magnitude than the computed results. This can be attributed 
to the effect of'the saturation level in the machine, which results in a 
reduction in the values of the leakage'reactances of the machine. 
, The computer investigations of the effect of the switching instant 
and the initial speed on the starting behaviour of the machine are shown 
respecti vety in Figs. (7.14 and 7.15). From these transients, it will be 
-
noted that. the transient starting current is greatly affected by the 
initial speed, while only the first peak of this current is affected by 
the instant of switching to the supply. The effects produced can be 
explained on the, same basis as those for the basic motor. 
7.2.4.2 Transient Starting Torque 
When a comparison is made between the transient torque of this machine 
arrangement and that of the basic motor, shown respectively in Figs.(7.13) 
and (7.1), it will be noted that: 
a. both sets of torque transients exhibit slip frequency oscillations 
b. the initial oscillations of machine arrangement V are of a 
higher amplitude than those for the basic motor. 
These oscillations can again be explained as an effect produced by the 
decaying d.c. mmf components in the rotor as discussed in section (7.2.1). 
The increased initial torque of machine arrangement V can beattribute'd 
mainly to the effect of the additional rotor resistance which will reduce 
the stator current at standstill and simultaneously raises the power 
factor of the circuit. 
The effect of the initial swi tehing instant and the initial speed 
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on the torque transients of machine arrangement V are shown in Figs. (7.14 
and 7.l5).respectively. These curves show that the transient torque is 
independant of the switching instant but it is greatly affected by the 
motor speed at the instant of supply connection. 
7.3 DISCONNECTION CONDITIONS 
_. 
As discussed in section (2.5), the stator currents following 
disconnection of·a motor. fall instantaneously to zero, but the continuing 
rotor Currents set up a decaying magnetic field and generate a voltage in 
the stator windings of reducing amplitude and frequency. TIlis behaviour 
is clearly shown in all the. results of the experimental and computer 
investigations which incorporate a period of supply interruption (e. g. 
plugging, d.c. dynamic braking and the braking schemes of chapter 5). The 
high degree of agreement between the experimental and the associated computed 
results supports the validity· of the prediction techniques, irrespective of 
whether a direct-phase or a d-q model is used for the simulation. 
From these investigations the following points can be· noted: 
a. for the motor with extra resistance in the rotor circuit both the 
measured and the computed values of the stator induced voltage are 
rapidly damped and of smaller amplitude than the associated results 
for the basic motor. 
b. the voltages induced in the stator windings of a saturistor motor 
are almost the same as those of the basic motor. 
c. the rate of decay of the stator voltage with secondary capacitance 
is lO~ler than otherwise. 
-117-
These features can be explained in terms of the effects of the 
corresponding external impedance on the electrical time constant of the 
rotor circuit. This time constant is obviously reduced by external rotor 
circuit resistance and increased by rotor-circuit capacitance. Additionally, 
the rotor capacitors \~hich are charged prior to disconnection will also help 
to sustain the stator induced voltage. For the saturistor motor, the 
frequency and the magnitude of the rotor current are low during the dis-
connection period, when both the resistance and the reactance of the 
saturistor are very small (and equal to the normal parameters of the 
magnetizing coil), and insufficient to cause a significant effect on the 
time constant of the rotor circuit. 
7.4 RESWITCHING CONDITIONS 
Plugging, d. c. dynamic braking and reconnection to the same supply are 
some of the common reswitching conditions to which a 3-phase·induction motor 
may be subjected. Under these conditions, the transient currents and torque 
developed in the machine may be severe enough to cause damage to some 
machines, and clearly precautions are required to ensure better and longer 
service. Since the machine is reconnected to a supply after a short period 
of supply interruption, during which changes occur in the amplitude and phase 
of the induced stator voltage, the effects of the period of interruption and 
the phase shift between this voltage an~· the reapplied voltages are 
investigated. The results are discussed in the following.sections. 
7.4.1 Plugging Conditions 
The reversal of the supply phase sequence to a 3-phase induction motor, 
while rotor currents are still flowing, causes a very severe.braking torque. 
-118-
to be produced even if a reduced voltage supply is used. The speed of the 
machine is therefore rapidly reduced, and since the torque remains 
large at standstill, the machine speeds up in the opposite direction. 
7.4.1.1 Transient Current 
Typical experimental and computed current waveforms following plugging of the 
various machine arrangements are shown 'in Figs.(7.16-22) and the agreement 
between these is generally good. l\1len the saturistor motor is plugged with· 
the stator star-connected the agreement is again reasonably good, but when 
the stator is delta-connected a noticable discrepancy appears. This may 
again be related to the behaviour of the saturistor, in addition to the 
inaccuracies present in the predicted behaviour of the basic motor under 
plugging conditions. These inaccuracies are probably associated with the 
assumptions that the~rotor is a rigid, body, \~hereas in practice some 
mechanical slackness and flexibility will exist. During a severe transient 
the shaft acceleration may not therefore correspond closely to the torque 
pattern. 
Following supply reconnection,currents of speed frequency appear in the 
envelope of the stator transient current due to the decaying rotor mmf. 
Furthermore,ferroresonance effects are also evident in both the computed and 
the experimental results for the machines with rotor circuit capacitors. 
When a comparison is made between the amplitude of the transient reconnection 
currents of the different machine arrangements, the result is similar to 
that for the transient starting currents. The reconnection currents are also 
larger than the corresponding starting currents \~ith the current for the 
machine with rotor circuit capacitors of O.OIF/ph again being greater than 
that for the other machines. 
The effect on the reconnection current of the time taken to change the 
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phase sequence is . shown by the computed results of Figs. (7.23-27). It is clear 
from these results that the first transient peak changes in sign every 
additional lOms of disconnection. The effect of the phase difference 
between the induced stator voltage and the reapplied voltage for different 
reconnection instants is shown in the computed results of Figs. (7.28-32) which 
indicate that this greatly affects the amplitude of the first transient peak. 
In particular, if the machine is reconnected with a phase difference of 11 
rads between the voltages, the negative first peak is about 300% of that 
when the vo1tages are cophasal. 
7.4.1.2 Transient Torque 
Fig~.(7.l6-22) also show the braking torque patterns following plugging 
of the different machine arrangements. From these curves, it can be noted 
that the first peak "of braking torque for the basic motor and the motor 
with rotor circuit resistance is much greater than the corresponding 
starting peak. With rotor capacitance the magnitudes of the first peaks 
are lower than for starting torque, although some of the' subsequent' peaks 
are higher and a faster reversal of the machine speed is achieved. The 
transient torque is influenced by the initial reconnection conditions and 
the torque patterns following plugging of the saturistor motor for 
different supply conditions are found to be higher and with less 
oscillation than the starting transients. 
Since the above investigations were performed for different initial 
reconnection conditions, it is preferable to compare the behaviour of the 
different arrangements under the same reconnection conditions. To this 
. end a series of transient torque results following plugging at various 
switching instants were computed, and Figs. (7.28-32) shOl~ the first peak of 
,. 
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this to depend on ·the phase difference between the induced stator voltage and 
the reapplied voltage. The peak rises to· a maximum lihen the two voltages 
are in antiphase and falls to a minimum when they are cophasal. It will 
also be noted that the machine with rotor capacitance of O.OlF/ph 
produced the largest torque peak of the investigation, of about 11.0 p.u. or 
1.2 times the first starting peak. 
Figs.(7.23-27) show predicted transient torque results for the different 
arrangements, following plugging after different periods of supply 
interruption. In each case the first peak of the braking torque depends 
on this period, with a maximum peak occurr~ng when the supply and the 
induced stator voltage are antiphase and a minimum peak when they are 
cophasal. The torque variations occur at intervals of about 10ms when 
the supply interruption is short and the interval increases for longer 
) 
periods of interruption. This behaviour can also be explained on the 
basis of the resultant mmf generated immediately after reconnection to 
the supply, Although the induced stator voltage decays more with a 
longer period of interruption, the phase difference between this voltage 
and the supply voltage increases. The voltage across the stator 
terminals is obviously a maximum when this phase difference is ~ radians 
and a minimum when it is 0 radians. Consequently, the stator currents 
and the associated mmfs are also a maximum for the first case and a 
minimum for the second, reSUlting in maximum and minimum torque peaks. 
7.4.2 D.C. Dynamic Braking 
To investigate how the transient performance of the different 
machine arrangements is affected by the current injected in the stator, 
a variable direct voltage was applied at 2 corners of the delta-connected 
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stator \~ith the third corner left free. Computationally this presents no 
problem, and when using a d,q model the direct voltage is transformed 
using a similar technique to that used to transform the alternating 
voltages. 
The effect of the period of interruption was also investigated and 
the results of both investigations are discussed below. 
7.4.2.1· Transient Current 
Typical computed and experimental transients current results for the 
different machine arrangements, and for various d.c. dynamic braking 
currents are shown in Figs.a.33-46). The agreement between the corresponding 
results is good, except when rotor circuit capacitors are used. In these 
cases the computed steady state currents are comparable with the associated 
experimental results, but the measured voltage and current transients 
following reconnection both exhibit more oscillations than the computed 
results. This may be accounted for by:' 
a. changes in the leakage react·ances and possibly the magnetizing 
reactance, due to high saturation, 
b. for computational purposes, the d.c. supply voltage is assumed 
constant, whereas in practice the effects of the supply impedance 
may be significant, 
c. the tolerance in the capacitor value quoted by the manufacturer 
is -10 to +50% of the nominal value, making it difficult to . 
specify a precise value, 
d. the resistors used to regulate the injected voltage are aSsUmed· 
constant and non-inductive, 
e. difficulty in determining precisely the switching instant, the 
rotor position and the machine speed at which reconnection takes place. 
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The oscillations which appear in both the stator voltage and current 
transients of the different machine arrarigements, are attributed to the 
decaying d. c. component of the rotor mmf. Since this mmf is also 
rotating at the rotor speed, which is itself decaying, these oscillations 
also decay in amplitude and frequency. 
It is also noted that, in some situations, negative current pulses 
flow in the stator windings immediately after reconnections. These are 
clearly caused by the stator voltage induced prior to reconnection 
exceeding the reapplied vOltage. Although these pulses have insignificant 
effects on the performance of the d. c. generator used to supply the 
braking current, they may cause serious damage to a rectifier unit, if 
proper protective measures are not employed. 
On increasing the applied direct voltage, the steady state stator 
current is increased in the same ratio, but the transient current results 
are quite different. In particular, when rotor circuit capacitors are 
included the number of oscillations is reduced and their amplitude is 
increased. The reduction in the number of oscillations is a result of 
the rapid reduction in the machine speed caused by the high braking torque. 
Computed current transients for all the arrangements investigated for 
various periods of interruption are shown in Figs.(7.47-S0). These curves 
show that, with secondary circuit capacitors, the transient stator currents 
are greatly influenced by the period of interruption, but that for the 
other machine arrangements,the effect is only slight. This feature is 
again explainable on the basis of the machine conditions prior to re-
connection and the orientation of the rotor at the instant of supply 
reconnection. 
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7.4.2.2 Transient Torque 
Computed transient torque results for the different machine arrangements 
under various d.c. dynamic braking conditions .are shoWn in Figs. (7.33-46) 
From these curves it can be seen that the transient torque developed by each 
machine arrangement is smaller than the. torque developed during starting 
and plugging conditions, with the use of rotor-circuit capacitance (e.g. 
machine arrangement Ill) again leading to the largest braking torque. In 
contrast to their starting behaviour, each of the machine arrangements IV 
and V produces an overall braking torque which results in a shorter braking 
time than that of the basic motor. 
The behaviour of the machine arrangements just mentioned can be 
attributed mainly to the improvement of the machine power 'factor caused by: 
a. a reduction in the effective reactance of the rotor-circuit 
caused by the inclusion of the additional capacitance. 
b. the inclusion of the additional rotor-circuit resistance. 
c. a further increase in the saturistor resistance caused by the 
high level and frequency of the magnetic field in the saturistor 
core, following supply reconnection. 
It will also be noted that for the various machine arrangements, 
although the braking interval is appreciably affected by the applied 
direct voltage, the peaks of the transient torque are not greatly affected 
by this voltage. Indeed, these torque transients seem to be affected more 
by the short circuiting effect of the d.c. supply than by the injected 
voltagePS) 
Computed waveforms showing effects of supply interruption on the 
braking performance of the machine arrangements are shown in Figs. (7.47-50). 
-124-
From these results it can be.noted that for machines with rotor circuit 
capacitance, the torque transients are greatly affected by the period of 
supply interruption. For the machine arrangements I and V, however, the 
torque transients are only slightly affected by this period. 
The behaviour of these machines can yet again be attributed to the 
effect of the unidirectional mrnf produced in the rotor circuit. This mrnf 
is affected by the following factors: 
- the phase difference between the 'reapplied voltage and the 
induced stator voltage which is a function of the rotor-circuit 
capacitance and the speed of the machine, 
_ the position of the rotor windings with respect to the associate 
stator windings. 
and since these factors are functions of supply interruption, this implies 
that. this unidirectional mrnf and hence the transient torque produced are 
also functions of supply interruption. 
7.5 TRANSIENT SPEED 
Due to the direct relationship between the instantaneous speed and 
the electromagnetic torque of an unloaded machine, the computed and 
measured speed transients are influenced by all factors which affect the 
torque. The good agreement betl~een the experimental and predicted transient 
speed variation curves supports the validity of the computational methods, 
and confirms the accuracy of the speed-measuring technique. Since initial 
. conditions can easily be controlled during a computational study the 
predicted speed results may be used for comparing the various switching 
conditions of the machines tmder study. 
-125-
Under starting conditions, the transient speed results are 
independant of the instant at I~hich the machine is connected to the supply, 
as sh01l'n in Fig. (7.2,6,,7,13) when considering the' start up of the different 
arrangements, the machines with rotor capacitors are found to attain their 
steady state sp~ed more quickly than the other arrangements, with the 
saturistor motor being the ~,lowest. From the computed results it is 
evident that machines with rotor capacitors of O.OOlF/ph or smaller 
either cral~l or require a considerable time to reach their steady speed, 
al though this .speed is far below tllat attained by the basic motor (see 
section 3.7) ) • 
If a machine is sl~itched to the supply at a speed other than its no-
load speed; it will approach the nO-load speed at a rate proportional to 
the torque developed. Results for an investigation of these conditions 
are shown in Figs. (7.51-53). I f a machine is reconnected to the supply ~Ihile 
running at about synchronous speed, and \~ith currents still flowing in the 
rotor \dndings, a braking torque is initially generated. This braking 
torque then decays and the machine returns to its normal speed, as shown 
by Figs.(7.51-53). Plugging is another switching condition in which a 
machine is reconnected to the supply \~ith rotor currents still flo\~ing, 
and because of the very high braking torque developed the machine speed 
rapidly assumes the new value. Typical results for the various machine 
arrangements following plugging at various switching instants and with 
various periods of supply interruptions are shown in Figs. (7.28-30) and 
(7.Z3-27) " Oscillations in the torque curves of the motors with secondary 
capacitors are found to affect the speed results of the machine, and the 
motor with the smaller capacitance is the fastest to reverse its speed. 
It \~ill also be noted that speed transients are greatly affected by both 
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the sl~i tching angle and the period of supply interruption, since the 
resulting speed reduction is proportional to the associated braking torque. 
Under given d.c. dynamic braking conditions, computed transient speed 
results shOl~ that machines with rotor-capacitors brake faster than other 
machines,and that the saturistor motor was faster than both the basic 
motor and that with rotor resistance. The results of the computational 
investigations of Figs.(7.47~O) indicate that the speed transients for the 
machines with rotor capacitors are greatly dependant on the period of 
interruption, but that for the basic motor, this effect is very small. 
This feature obviously depends on the braking torque generated in the 
machine under these conditions. When a machine is dynamically braked the 
angle difference between the stator induced and the applied voltage is 
not changed unless a change in the interruption period is made, so that 
the effect of the phase shift between these voltages on the speed transients 
is therefore incorporated I~ithin the above investigations. 
- -~-
CHAPTER EIGHT 
GENERAL CONCLUSIONS 
/ 
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Although the induction machine has been continually investigated over 
many years, new ideas and ways of improving performance continue to emerge, 
and comparatively recently, different rotor-circuit impedances (i.e. 
combinations of capacitors, saturistors and resistors) have been 
introduced to improve the overall performance of the machine. However, 
consideration of these has been based firmly on steady state conditions a11d no 
work on the ):ransient behaviour of such systems appears to have been reported in 
the literature. Additionally, advances in thyristor!diode technology have 
enabled controlled devices to be used"wide1y in many fields of induction 
machine operation, and one of these applications is the use of diodes to 
develop the unidirectional currents required for braking purposes and 
thereby to avoid the need for a separate d.c. supply. This thesis has 
been concerned with: 
a. the effect of these rotor-circuit impedances on the transient 
behaviour of the motor including starting, plugging "and d.c. 
dynamic braking, in addition to the steady-state performance. 
b. a comparison of diode braking schemes with the conventional d.c. 
dynamic braking performance where additional rotor elements are 
used. 
Due to the nature and mode of operation of the various machines and 
external circuit arrangements considered, it is not convenient to use a 
single technique for their inVestigation. ~lachines with additional linear 
elements, sllch as secondary-circuit capacitors, were analysed using the 
familiar stationary 2-axis approach, while machines with non-linear devices (cg. 
the saturistor motor and machines with diodes) were analysed using the 
direct-phase quantity model. Subsequently, several digital computer programs 
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were devised and tested to calculate the transient performance of the 
various machine circuits under different switching conditions. Since 
discontinuous operation occurs during certain switching conditions, 
single-step integration routines are more appropriate than multi-step 
methods. The method adopted for the integration of the 1st and 2nd-order 
. differential equations arising from the machine arrangements under 
investigation was the 4th-order Runge-Kutta procedure. 
Although predicted results were determined using digital computer 
programs based on an idealized model of the machine, ahigh degree of 
agreement \~as generally found betl<een the computed and experimental 
results for the various s\~itching conditions investigated. It \~as also 
found that the computed results of the basic motor transients are in 
l · , h h f' d' f' , , . , . (18-20) genera agreement I<~ t t e ~n ~ngs 0 prev~ous ~nvest~gat10ns. 
8.1 ROTOR-CIRCUIT CAPACITOR ~!OTOR 
The presence of rotor-circuit capacitors changes the machine 
differential equations into 2nd-order form, and these may be expressed 
in terms of either the capacitor charge or the machine currents" , Sets 
of equations, in terms of each of these variables, I<ere derived using 
both direct-phase and d,q forms. Since it is difficult to calculate the 
initial values of the rate-of-change of the currents during supply 
interruption, the machine model using current variables is only suitable 
for calculating starting transients. Programs based on the charge model 
are used for calculating the machine transients under various SWitching 
conditions. 
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The introduction of the capacitor circuits is found to affect both 
the transient and steady-state performance of the machine. Under steady 
state conditions, both the no-load and the motoring performance are 
greatly affected by the capaci ti ve reactance, and in particular, the 
breakdOlffi torque and the ~ at which this occurs increases as the 
capacitive reactance incre~ses. A maximum starting torque of 6.2 p.u. or 
3.5 times that of the basic motor, occurs when the capacitive reactance 
is equal to the sum of the stator and rotor leakage react ances. The 
calculated torque-speed curves for various capacitive reactances are 
found to follOl~ the pattern shown by previous investigations, even though 
a different analytical approach \~as used. 
Under transient conditions the machine performance is again 
found to be affected by the capacitive reactance. The first torque peak 
increases as the capacitive reactance increases and becomes ama.ximum (of 
about 3.0 times that of the basic motor) when this reactance equals the 
sum of the stator and rotor leakage reactances. This peak is smaller for 
the other capacitive reactances, and it is' consequently possible to 
improve the starting performance by the correct selection 'of the capacitive 
reactance. Starting torque has been found to be independant of the 
switching instant, but both the torque and the stator current are greatly 
d~pendant on the initial speed at which connection occurs. The largest 
positive and negative torque peaks occur when the machine is connected to 
the supply at zero and synchronous speed respectively. For example for a 
machine with capacitors of 0.02F/ph these peaks are respectively 6.6 p.u. 
and -10.5 p.u. 
Upon reconnection to a supply after a brief disconnection period, 
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machines with secondary-capacitors produce a higher braking torque, 
resulting in a rapid reduction in the machine speed, in comparison with 
the basic motor. The transient conditions were also found to be- dependant 
on: 
a. the period of interruption 
b. the phase shift between the induced stator voltage and supply 
VOltage on reconnection. 
The braking torque is a maximum when these voltages are in anti phase 
and a minimum when they are i~phase, and the corresponding torque values 
are respectively 11.0 p.u. and 2.5 p.u. for capacitors of 0.02F/ph. 
The agreement between the computed and experimental transient 
results under starting and plugging conditions was good. However, some 
-discrepancies (in both magnitude and form) between the assOciated 
transients for d.c. dynamic braking conditions I~ere noted, although the 
corresponding steady state values showed good agreement. The reasons 
for these discrepancies were discussed in section (7.4.2.1). Under d.c. 
dynamic braking conditions both computed and experimental results 
have shown that machines with smaller capacitor values afford higher 
braking torque, resulting in a more rapid reduction in the machine speed. 
8.2 SATrRISTOR MOTOR 
Since saturistors are not yet commercially' available, a prototype 
was designed and constructed to enable the induction motor to develop a 
specific starting torque. The validity of the design procedure was 
supported by recalculating the saturistor parameters presented by previous 
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investigations. The non-linearity of the hard magnetic material with 
excitation is still the main obstacle in· the calculation of the saturistor 
parameters from the dimensional properties,and these parameters have 
traditionally been determined from test results. The characteristics 
obtained for the saturistors constructed were similar to those produced 
in previous investigations. Thus non-linearity also affects the choice 
of the saturistor parameters, and makes it difficult to calculate the 
torque-speed characteristic of a saturistor motor unless the rotor currents 
are assumed. If this is done, the associated parameters can be determined 
from their measured characteristics. The. problem with this, of course, is 
that we· are trying to solve for the motor currents, but to determine 
appropriate saturistor parameters we need to know what the rotor currents 
are in advance. In practice therefore the rotor currents are "guesstimated" 
. and an iterative solution is undertaken. Two different methods \~ere 
developed for this calculation and although similar results were obtained, 
the Thev{nin-equivalent circuit method used less computation time than 
the trial and error process. The calculated torque-speed characteristics 
are found to be about 15% lower than the measured values in the 10l~er 
speed region, I~hich may be attributed to the approximate way in which the 
saturistor parameters were calculated. Both the calculated and the 
measured torque speed characteristic showed that saturistors Idth high 
values of resistance and reactance cause a reduction in the torque-speed 
characteristic, and this feature is found to be in agreement with the 
findings of Duggal ~5 7) 
Under transient conditions, it was shown that saturistor parameters 
are difficult to define and several methods were devised for simulation 
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purposes. Among the methods tried,a technique using the direct-phase 
model and the measured saturistor characteristics has produced results 
which agree reasonably well in form and magnitude when compared with 
experimental results. 
However, both the computed and experimental starting results were 
lower than those for the basic motor. The first peak of the starting 
tOl'que, for instance, is about 35% of that for the basic motor, and 
the machine therefore acce le rates at 10\~er rates than the other machines 
investigated. Better agreement was however obtained between the computed 
and experimental results when the machine was connected or, plugged to a 
reduced supply. The discrepancies in results when a normal supply is used, 
may mainly be attributed to the effect of the high level of saturation in 
. both the motor and the saturistor. In contrast with the starting conditions, 
the effect of the braking torque under d.c. dynamic braking is greater than 
that of the basic motor, resulting in ~ shorter stopping time. This high 
torque may be explained on the basis of the high saturistor resistance 
caused by the high hysteresis loss caused by the high frequency rotor 
currents. 
8.3 DIODE-BRAKING SCHEMES 
Some of the diode arrangements introduced recently to improve the 
braking performance of 3-phase induction motors were considered and 
analysed on the basis of the branch elimination method for diode 
representation and in conjunction with the tensor technique. This 
technique enables the equations of a combined machine-rectifier system to 
, , 
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be solved in an efficient manner using a digital computer and copes with 
the frequently varying topology of the rectifier system, as the conduction 
mode of the diodes change. 
The close agreement found bet"een computed and experimental results 
confirms the validity of both the analytical and computational techniques 
used, and with a few simple changes these techniques may also be used for 
the solution of similar netl%rk problems (e.g. machines with diodes in 
the l"otor circuit). From the results of the schemes investigated, it \Vas 
sho\Vn that the reduction in the machine speed is affected by both the 
rotational energy prior to braking and the net braking torque which is 
generated. Using the diode short-cire.uit scheme, the braking torque was 
fOlmd to be very small in comparison \Vi th the rotational energy, and the 
machine therefore continued to run when subjected to a retarding torque 
due mainly to the friction and \Vindage losses. In the Single-phase 
br:!l>ing schemes, the braking effect is increased as the number of diodes 
in the circuit is increased, while in the plug-braking scheme, the braking 
effect is greatly increased, due more to plugging effects than to the 
braking torque caused by the unidirectional mmf in the machine. The 
latter feature is supported by the results of a similar investigation but 
without the reversal of the supply phase sequence, and although half-wave 
rectified currents flow in two phase of the stator windings, and a uni-
dil"<'ctiOl.al current in the third phase, the braking torque was not 
sufficiently large to cause a significant reduction in the machine speed. 
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8.4 GENERAL CQl.tr-IENTS 
From the results obtained in this thesis, the following comments 
can be made: 
1. Despite the high starting torque produced by a motor with rotor 
circuit capacitors, this arrangement is not recommended for 
high-speed motoring performance! since the motoring performance 
at high speed is not good. 
2. Although the conclusions drawn for the saturistor motor are 
valid only for the particular saturistors used, it was shown 
·that the starting performance of the saturistor motor can be 
improved by reducing the electrical parameters of the saturistor. 
3. From the results of the various braking conditions, it was shown 
that, although under some d.c. dynamic braking conditions a 
machine with rotor capacitors of O.OlF/ph afforded a very rapid 
reduction in the machine speed, the plug-braking scheme is still 
to be preferred. This conclusion is mainly based on: 
a. the cost of the scheme: plug-braking is cheaper, 
since the cost of two general-purpose diodes is certainly 
less than the cost of either the saturistor or the bank 
of rotor capacitors. 
b. the motoring performance of the machine: whereas rotor 
circuit capacitors worsen the motoring performance at 
high speed, diodes in the circuit have no effect during 
normal motoring. 
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8.5 SUGGESTIONS FOR FURTHER WORK 
8.5.1 Secondary Circuit Capacitors Hotor 
From the investigations performed, it has been found that, although 
the braking performance can be improved, the motoring performance was 
I"orsened by the use of secondary-circuit capacitors. If a simple 
modification is made to the Capaci tor-J.lagnetic braking method (37) and the 
direct current is injected into the rotor circuit rather than the stator 
circuit, an improvement in the braking performance may occur. Further 
Iwrk could establish whether this improvement occurs I"ithout sacrificing 
the motoring characteristics. 
8.5.2 Saturistor Hotor 
Throughout the investigation, several factors were found to affect 
the computed and measured results, and further considerations are clearly 
needed to improve the accuracy of the results. 
a. the saturistor parameters used in the various investigations 
. have been calculated from the measured rms current, pOl"er loss 
and voltage of the saturistor circuit. However the waveforms. of 
the saturistor current and voltage have been shOlm to contain 
numerous harmonics, especially when the current exceeds the pick 
up value of the magnetic material. Under these conditions 
calibrations of the parameters with respect to the harmonic~ or 
to the peak values may help to improve the accuracy of the 
predictions. 
b. although the measured parameters could be used under steady-state 
conditions, under transient conditions the values of these 
parameters are definitely questionable. 
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c. the saturistor performance may be modified and possibly 
improved if three single-phase saturistors are used instead 
of the 3-phase E type core used in this investigation. 
8.5.3 Diode Braking Schemes 
In the diode braking schemes investigated, .no measures were used 
to control the braking torque generated in the machine and it may 
therefore be of interest to use thyristors instead of diodes. These 
controlled devices could be used to vary the stator currents and hence 
the braking torque could be controlled. . 
If this system is incorporated in a closed loop control arrangement 
the thyristor firing angle could be controlled by the machine speed or 
load, and this may make dynamic control of the braking torque possible. 
/ 
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ApPENDIX A 
DIFFERENTIAL EQUATIONS OF THE INDUCTION MACHINE 
A.l DIRECT Pl!ASE MODEL 
The terminal voltages of an induction machine can be expressed as the 
sum of the resistance voltage drop and the rate of change of the flux 
linkage, i.e., 
[v] = LR] [iJ + p[1/I] , 
or in terms of the machine currents and inductances as, 
• + 
VA RA+pLA pMAB pMAC P!~Aa pHAb p~IAc iA 
VB P~A RB+pLB pMBC p!IBa pHBb pMBc iB 
Vc = P~h pHcB RC+pLC pMCa pHCb pMCc iC 
~ 
-
... 
0 pMaA pHaB pM R +pL pMab pM i Ca a a .. ac a 
0 
P\A plbB pMC.b P~ba VP~ pMbc ib 
0 pH pMcB pMCc pMCa pMCb R +pL i cA c c 
where LA,LB,LC and La,~,Lc are respectively the self inductances of 
the stator and the rotor windings. In equation (A.lb), 
LA = "B = LC = L11 = Msr + ts 
La = ~ = Lc = L22 = Msr + tr 
where t ,t are the leakage inductances of the stator and the rotor 
s r 
windings, and M is the mutual inductance bet\~een them when their 
sr 
magnetic axis coincide. Based on the assumption in section (2.2) that 
the mutual inductance bet\~een a stator and it rotor phase is a cosine 
function of the angular displacement between the magnetic axis of the 
two windings, 
211 
cos (e+3") 
4lr HAC = ''sa = MCb = ~lcA = HaB = \C = Msr · cos (8--3 ) 
(AI. a) 
(Al.b) 
(A.2) 
(A.3) 
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Since the stator windings, as well as the rotor windings, are 
stationary with respect to each other, the mutual inductance between 
them is independant of the rotor position, thus 
, . 211 
M = M = M = M = ~t = M = M = M cos-
ab ac cb ca DC ba rm sr 3 
which also means that the winding self inductance is constant, 
irrespective of the rotor position. On substitution in equation (A.l) 
and rearranging 1'[l/I] of equation (A. la) gives: 
[v] = [R][i] + [L]p[i] + ~~ [~~].[i] 
where 
[R] = 
and the rotational voltage coefficient matrix is 
o 0 0 sin 6 
o 0 0 . ( 41T) sm 6--3 
dL ',0 0 0 . ( 21T) . sm e--3 [-]=-11 d6 sr 
and, 
sin 6 • ( 411 , • ( 211) sm 6-3") S1n 6-3" 
sin(e_;1T~ sin 6 . ( 41T) sm 6--3 
• ( 411, • ( 21T) . Sl.n 6-3") Sl.n 6-3" Sl.n 6 
. ( 21T~ sm 6--3 . ( 41T) Sl.n e--3 
sin 6 . ( 21T) sm e--3 
. ( 41T) sm 6--3 sin 6 
o o 
o o 
o o 
(A.4) 
(A.S) 
[L] = 
M· 
sm 
M 
sm 
M 
sr 
cos a 
21T M cos (6--3 ) sr 
. (. 41T) M cos 6--3 sr 
M 
sm 
~I ·41T cos (6-y) 
sr 
Msr cos 6 
M 
sm 
M 
. sm 
LU 
Msr 
21T 
cos (6-y ) 
M cos 6 
sr 
M cos 6 
sr 
41T M cos (6--) 
sr. 3 
11 
sr 
L22 
M 
rm 
21T 
cos (6-y) 
21T M cos(6--3 ) sr 
M cos 6 
sr 
H 41T cos (6-y) 
sr 
14 
rm 
M 
rm 
11 
sr 
M 
rm 
M 
rm 
I 
cos 6 .... 
.... 
V1 
I 
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and the parameter values may be determined from the standard no load and 
locked rotor tests as explained in Appendix (B). 
A.2 STATIO~ARY Z-AXIS (D-g) MODEL 
It is obvious from section (A.l) that the inductance matrix [L] and 
the rotational voltage coefficient matrix [~;] are functions of the angular 
position a; in other words they are time dependant. This makes equation 
(A.S) non-linear with variable coefficients and difficult to solve 
analytically. 
However, by a suitable series of mathematical transformations 
the impedance matrix [Z ABC] derived from the machine equation, can be 
replaced by another form of impedance matrix. The symmetrical components 
method transforms the impedance matrix [ZABC] to a much simpler diagonal 
matrix, but it still has time dependant coefficients. The stationary 2-
axis (d,q) method replaces the time varying inductances with related but 
time independant inductances, and the machine differential equations are 
therefore not only linear, but have constant coefficients I~hen the rotor 
speed is constant. Such equations are readily solvable by analytical methods. 
Although these transformations are purely mathematical and have no physical 
sign~ficance, they are so chosen that the new system produces the same mmf 
as the original system and the total power must remain invariant through 
the transformation. The transformation of the 3-phase machine, sholffl in 
Figure (A.la), from a direct phase (ABC) model to a stationary-2-axis (d,q) 
model, may be performed in two stages: 
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A.2.l Transformation from 3-phase to 2-phase rotational model 
This transformation is based on the primitive version of the electric 
machine, developed·and extensively used by Kronf85) Any winding not lying 
on a preferable axis is represented by two windings, one along the B axis 
and the other along the B axis, as shown in Fig. (A.lb) Idth the Idnding 
of phase A coincident with B phase. Since the machine is assumed to have" 
a balanced 3~phase winding fed from a balanced 3-phase supply, this 
implies that f the zero-sequence current is zero. On equating the. mmfs 
developed in the two models, the relationship between their currents can 
be written as, 
iA 1 0 i If • 13/2 B iB = -1/2 ifl 
iC -1/2 -13/2 
or, 
where [Cl is the required transformation matrix which can also be used 
to transform the voltages of the two systems as, 
For invariance of power through the transformation, 
which means that, 
or, 
and hence, 
[VBfl]t[iBfll = [v ABClt[iABC] 
. t t 
= [VBB ] [Cl [Cl [iBBl 
[Cl t [Cl = 1 
[Cl t = [CrI 
(A.6a) 
(A.6b) 
(A. 7) 
(A. Sa) 
(A.8b) 
(A9.a) 
(A9.b) 
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The voltage equation of the 3-phase machine may be written as, 
where [VABC )' [iABC) and [ZABC) are given in equation (A. 1). The 
relationship between the currents of the 3-phase machine and the 
corresponding currents of the 2-phase rotational model can be written 
as, 
where 
i 
as 
[Cl o 
ifls 
[i
afl ] = and [Cl] = 
i 
ar 
0 [Cl 
i flr 
(A. 10) 
(A.12) 
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and similarly the voltages of the two systems can be related as 
where 
[v l" 
aa 
o 
(A.13) 
and [Cll t is the transpose of [Cll and suffices s and r denote stator and 
rotor quantities respectively. 
When equations (A.12 and A.13) are substituted in equation A.1l, 
the impedance of the new system [Zaal can be written in terms of [ZABCl as, 
which gives 
[Zaal " 
where, 
[Zaal 
t 
= [Cl 1 [Z AIlc][Cl 1 
Rl+L1P 
0 
Mp cose 
-Mp sine 
L".t+M 1 s 
L".t+M 2 r 
/ 
0 
Rl+L1P 
~Ip sine 
Mp cose 
Mp cose -Mp sine 
Mp sine Mp cose 
R2+L2P 0 
0 R2+L2p 
(A.14) 
pM cos 6 
sr 
411 pM. cos (6--3 ) sr 
pM cos 6 
sr . 
211 
PM cos (9--3 ) sr 
pM . cos 9 
sr 
pM cos 6 
It +pL 
a a 
pM 
rm 
pM cos e 
sr 
pM cos e 
sr 
pM 
rm 
R +pL 
c c 
, 
..... 
VI 
o , 
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A.2.2 Transformation from 2-phase rotational to stationary 2-axis model 
The impedance matrix [Z~el given in equation (A.14) is still time 
dependant,and to overcome this a second transformation is needed to 
convert this impedance into an equivalent impedance in the stationary 2-
axis (d,q) form. Bearing in mind that the stator coils of the 2-phase (~e) 
model coincide with the d,q axes respectively which are stationary, and 
the rotor (as) coils may be at an angle e to the (d,q) axes, the current 
relationship is, 
[id ql = [C2l [iaf31 (A. 15) 
where 
1 0 0 0 
0 1 0, 0 
[C2l = 0 0 cose _ sine 
0 0 sine cose 
With power invariance maintained during the transformation the 
impedance matrix [Zd ql can be derived as, 
[Zd ql 
t 
= [C2l [Z aSl [C2l (A. 16) 
which gives, 
RI +Lj,P 0 Mp 0 
0 RI +Llp 0 Mp 
[Zdql = 
Mp eM R2+L2p 6L2 
-eM , R2+L2P Mp -eL2 
which may be reconstructed in the components, 
RI 0 0 0 Ll 0 M 0 
[Rl RI 0 0 and [Ll 0 Ll 0 M = = 
R2 0 M 0 L2 0 
R2 0 ~I 0 L2 
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and 
0 0 0 0 
0 0 0 0 
[G] = 
0 M 0 L2 
-M 0 -L2 0 
which is clearly time independant. When the an!;lllar speed 
. 
e is assumed 
constant, an analytical solution can be obtained using the Laplace 
transformation method or the symmetrical components method. 
---,,-
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ApPENDIX B 
MACHINE PARAMETERS 
B.1 ELECfRICAL PARAMETERS 
An analysis of the performance of a balanced 3-phase induction machine 
is simplified by dealing with its per pha.se equivalent circuit as shown in 
Fig. (B.l ), for ,~hich the electrical parameters are determined from standard 
no-load and locked-rotor tests. The stator and rotor leakage reactances are 
usually assumed equal to one-half the short-circuit leakage reactance while 
the IEEE Test Code (86) recommends an empirical distribution, which might 
have a minor effect of the calculated performance of the machine. These 
and the stator ,~inding resistance as measured by the d. c. voltmeter-ammeter 
method provide the parameters for both direct phase and d-q models of the 
machine. For the d,q model, the mutual inductance is calculated from the 
X 
ma.gnetizing reactance as M=.2!!. and the leakage inductance R, =R. =!S, where x w r s w 
is the leakage reactance of either the stator or rotor windings. Since 
2 
the mutual inductance between the stator and the rotor winding is M =;;/·1, sr 3 
the maximum mutual inductance between the stator or the rotor windings, 
1 ~I _ M = -0.5 M =-.;M 
srn rm sr 3 
so that the self inductance of the stator and the rotor windings is, 
Ls-Lr- t+M =R.+~I sr. 3 
The turns ratio between the stator and the rotor windings, as determined 
from a voltage ratio test, can be used to refer external rotor-circuit 
impedance to the stator. 
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B.2 HEOIA.'HCAL PARAMETERS 
B.2.1 Moment of inertia 
The moment of inertia of the rotating parts forms the coefficient of 
the acceleration term in the mechanical performance equation. and it is 
primarily of importance during the transient operation of the machine. 
Two methods have been used to determine the moment of inertia of the machine 
under consideration. 
B.2.1.1 Kinetic energy 
The kinetic energy of a particle of mass m rotating about an axis with 
an angular velocity l~ and a linear velocity of 
v = w r 
in a circle of radius r is. 
1 2 
-mrw 2 
(B.1) 
1f the rotor of the machine is assumed to consist of rotating sub-
assembles of masses m1.m2 ••••• mn • and radii r 1.r2 ••••• rn• respectively 
from the axis of rotation. all rotating about the same axis ldth the same 
angular velocity w. then the kinetic energy of the rotor is 
or 
1 2 KE = - w 2 
2 
+m r ) 
n n 
Alternatively. the stored kinetic energy of the system may be 
determined from 1 2 
KE=-wJ 2 
where J is the moment of inertia of the system. so. 
(B.2) 
(B.3) 
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J = (B.4) 
This function clearly shows that the moment of inertia depends 
on the masses of the system, or in other Iwrds it depends on the 
dimensions and the specific gravity of each particle. This method is 
therefore accurate if the design data of the rotor is known and the centre 
of gravity of each mass 'is clearly defined, otherwise, careful measurements 
are needed to avoid Undue errors when calculating the moment of inertia of 
the rotor of an electric machine, where several materials and irregular 
cooling ducts occur together. 
B.2.l.2 Retardation test 
A retardation or running dO~l curve may also be used to determine the 
moment of inertia of an electric machine. For example if the friction and 
windage losses (T fGw) are measured at some particular speed (which mayor 
may not be the rated speed), the machine is then run up to a speed above 
that speed and allol"ed to slOl" down subj ect to the retarding action of the 
friction and windage losses. If the speed is measured as the machine slows 
2 
down, and the speed-time graph is plotted, the angular deceleration (d 1) 
dt 
corresponding to the particular speed can be determined from the tangent 
of this ~raph. Since the electromagnetic torque is zero, the moment of 
inertia of the machine can be determined from, 
J = 
Owing to the uncertainty of estimating the exact slope of the 
tangent, a high degree of accuracy cannot be ensured. To get a good 
(B.5) 
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control of the speed, the induction motor is mechanically coupled to a 
d. c. motor whose torque is measured at certain speeds \~hile the induction 
'motor is unexcited. The test is then repeated for the d.c. motor alone, 
and retardation curves for both tests are plotted in Fig.(B.2). The 
moment of inertia of the induction motor is the difference between the 
moments of inertia calculated from the t\~O tests. 
B. 2. 2 Friction and Windage Equation 
Although the friction and windage torque is usually assumed constant 
or negligable for all normal and steady state tests, under transient 
conditions it is an important factor in determining the calculation of the 
speed and hence the coefficients of the differential equation of the motor. 
Their effect is particularly significant when the electromagnetic torque 
developed by the motor is small. The friction and windage torque may be 
represented by a function of the speed' of the motor as,' 
Tf& = fee) \~ , (B.6) 
and the coefficients of this equation can be determined from test results 
at ~ifferent speeds. An induction motor is normally regarded as a single 
speed machine since the speed changes only slightly with supply voltage, 
especially at no load. To obtain the coefficients of equation (B.6), the 
induction motor has to run at different speeds, which might be achieved by 
either impressing a variable-frequency voltage on the stator terminalS, or 
coupling the induction motor to a d.c. motor and running the set at 
different speeds with the induction motor unexcited. Segregating the iron 
and copper loss of the d. c. machine from the input pO\~er leaves the friction 
and windage loss of the coupled machine. The same test needs to be repeated 
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for the d.c. motor only. The difference between the losses in the two 
tests is the friction and windage loss of the induction motor. If this 
loss is plotted against the speed,a curve is obtained which is difficult 
to represent by a simple equation, but when plotted against the square of 
the normalized speed, a straight line curve is obtained. When the friction 
and windage loss is expressed as, 
T = K + K2(!) 2 f&w 1 \~ 
where K1 is the loss at zero speed . (sUction torque). and K2 is the 
slope of the straight line curve as shown in Fig. (B.3). 
(B.7) 
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ApPENDIX C 
NUMERICAL INTEGRATION METHODS 
Although non-linear differential equations are difficult to solve 
analytically. they are amenable to solution either on analogue or digital 
computers. Numerical techniques availa~le for the solution of the equations 
may be divided into: 
a) Single-step methods, which include. Runge-Kutta. Euler. and 
Trapezoidal methods, 
b) Multi-step methods of the Predictor-Corrector type. 
These depend on a number of initial values of the state variable and their 
derivatives preceding the one to be calculated. to accomplish the solution. 
To explain this. let. 
y(x) =.y 
n n 
(C.I) 
be the initial condition of the differential equation. 
y' = f(x.y) (C.2) 
With single-step methods. the solution of this equation can be 
found when only Yn is known. With multi-step methods. the calculation of 
y 1 requires knowledge not only of y but also of a number of preceding 
n+ n 
1 d th · d·· I I I va ues y 2'y l ••••• y k' an e1r er1vat1ves y 2' y l.···.y k' n... n... n- n- n- n-
Additionally single-step methods are self-starting. i.e •• the 
starting point does not play a special role. and every point can be 
considered as a new starting point. This makes it easy to change the 
integration step length. and also to solve a discontinuous function. Multi-
step methods require a special starting procedure to calculate the values 
of y l'y 2' or the step length is changed. On the other hand, multi~step 
n- n-
methods are generally more accurate than lOI>'er order single step methods. 
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C.l RUNGE KUTTA HETHODS FOR 1ST-ORDER DIFFERENTIAL EQUATIONS 
Runge-Kutta methods are appropriate to the numerical solution of the 
initial value problem, 
y' = f(x,y) 
with y(xO) = YO ' 
as the initial value. The sOlution is derived as a result of truncating a 
Taylor-series expression of the form, 
h2 
Yn+l = Yn + hy~ + 2 y~ + h
3 
- y" + 6 n ••• 
by an approximation in whicli yn+l is calculated from a formula of the 
type, 
a2f(x +b 2h,y +c2h) + ••• + a f(x +b ,y +c h)} n n nnnnn 
where the a's, b's and c's are constants.to be calculated by equating 
(C.3) 
(C.4) 
the expanded right-hand side of equation (C.S) with the right-hand side 
of equation (C.4) , and h is the step length of integration. The choice 
of the coefficients in these metheds is decided by the need to produce 
methods convenient for the user. This means that several methods are 
associated with the name Runge-Kutta, but these differ mainly in the 
number of evaluations of the function within a step length period. 
The classical method 4th order Runge-Kutta is probably the most 
frequently used in computer studies of electrical machine problems. It 
gives a simple program in addition to its advantages as a single step 
method. Four evaluations of the rate-of-change of each integrable variable 
are made within the duration of one step length, and the general form of 
the solution may be written as: 
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(C.S) 
where 
k = h f(x ,y ) o n n 
which means that y 1 is a weighted average of the four evaluations of 
n+ . 
the differential equation, 
y' = f(xn'Yn) 
with the arguments in each evaluation depending on the preceding evaluation 
as shown in the f10\~ diagram of Fig. (C. 1) • 
The machine differential equation, 
(C.6) 
could be solved by this method if p[i],[i] and v are substituted 
for y', y and x in equation (C.S) respectively with v the independant 
variable. 
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C.2 RUNGE-KlITTA METilODS FOR llIGHER-ORDER DIFFERENTIAL EQUATIONS 
Higher-order differential equations can be solved numerically in a 
similar way to the 1st-order differential equations, if these are 
represented by a set of simultaneous 1st-order differential equations. 
For a 2nd-order differential equation such as 
y" (x) = f(x) y' (x) + g(x) y (x) (C.7) 
a new variable is chosen, such that y' (x) = Z(x) and when this is 
substituted in equation (C.7), two 1st-order differential equations 
such as, 
Z' (x) = f(x). Z(x) + g(x).y(x) 
y' (x) = Z(x) (C.8) 
are obtained, and these can be generalized as, 
Z' (x) = G(x,y(x) ,Z(x)) 
\ 
y' (x) = F(x,y(x) ,Z(x)) (c.g) 
In the 4th-order Runge-Kutta method mentioned in section (C. 1) is 
used, the solutions are, 
Z = n+l Z n 
1 . 
+ 6' (mO .. 2ml -+ 2m2 + mS) 
yn+l = Yn + ~ (kO + 2kl + 2k2 + kS) (C.lO) 
-where 
• 
and' 
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kO = h F(x ,y ,Z ) n n n 
TIlls method is suitable for the solution of the differential equations 
of the induction motor arising from the connection of the secondary 
circuit capacitors, and also the mechanical equations of the machine used 
to calculate the rotor angular position and hence the speed, and 
transmitted torque. 
C.S TRAPEZOIDAL METHOD 
The trapezoidal method evaluates the differential equation, 
, y(x) " f(x,y) 
as, the area of the' trapezoid defined by the limits of integration shown 
in Fig. (C.2), 
n . 
fAf(X)dX = Yn(x) - yA(x) = Yn+l(x) - Yn(x) (C.lI) 
The area of the trapezoid = !l21 (x I-x). (f(x 1)+f(X))} 2\ n+ n n+ n (C.12) 
. ".. " 
'. 
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Equating the right-hand sides of equations (C.ll) and (C.12) 
gives, 
(C.13) 
It is obvious that the area under the trapezoid is not the same 
as that under the curve. This difference may accumulate throughout the 
integration procedure and result in a bigger error. This error can be 
reduced if the integration interval is subdivided, although this may 
lead to excessive computation time. 
When a differential equation of the form, 
y' (x) = Ay(x) + Bu(x) 
with x as the state variable and u the independant variable, is 
substituted in equation (C.13), 
y lex) = y (X)+~2 Ay (x)+Bu (x)+Ay l(x)+Btl lex)} n+ n 2\. n n n+ n+ 
which can be rearranged as 
where I is a unit matrix. 
If the machine differential equation (C.6) is substituted in 
equation (C.16), 
, 
i +~2 -1" l+V l} n n+ n 
,. 
where the machine parameters and variables are in matrix form • 
. .. 
. . 
. . 
(C.14) 
(C .15) 
(C,16) 
(C.17) 
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ApPENDIX D 
INSTANTANEOUS SPEED MEASUREMENT CIRCUIT 
D.l BLOCK DIAGRAH 
The system shown in block diagram form in Fig. (D.l) ,~as used to 
measure the speed of the induction motor, and thereby to provide a 
measure of its torque. The system works in two stages, with the first 
(or Pulse Generating) stage generating a signal proportional to the speed 
of the machine and then transmitting this to a computer. In the second 
(or Pulse Processing) stage the transmitted pulse is utilized to reset 
the time counter contained in the computer interface unit and also as a 
request pulse to load the computer register with the counter outputs 
.used to calculate the machine speed. 
D.l.l Pulse Generating Stage 
This stage consists of the following circuits: 
D.l.I.1 The Source and Sensor Assembly 
This uses an Optoelectronic Module type TIL 138, which consists of 
a gallium-arsenide. light-emitting diode and a npn silicon phototransistor, 
contained in a moulded plastic housing and separated by a gap of about 
3.00 mm. The assembly is mounted on a Handy Angle iron construction fixed 
to the bed of the machine. An aluminium disc with 40 slots, 6mm deep cut 
around the periphery, is attached to the machine shaft, with the slotted 
part of the disc arranged to pass through the gap between the light-
emitting diode and the phototransistor. 
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D.1.1.2 The Comparator Circuit 
When a slot passes between the light emitter and the phototransistor, 
a beam of light falls on the transistor and gives rise to an output pulse 
with a duration proportional to the width of the slot. This pulse is then 
reshaped as a square pulse in the comparator circuit of Fig.(D.2). 
The comparator consists of'a type 701 comparator amplifier with the 
required current limiting resistors, and it produces an output pulse of 
precisely the same duration as the input pulse. The Zener diode circuit 
feeds a constant -5.6V to the negative i.nput terminal of the comparator 
amplifier, to avoid the need for a further power supply. 
D.1.1.3 Pulse Shaping Circuit 
The duration of the pulse from the comparator circuit has to be 
reduced to suit the requirements of the computer register, and to minimise 
the error in the counter readings due to the width of the reset pulses. 
A reduced duration of 2-5 ~s was found to be reasonable. To achieve this 
the comparator output is fed to a monostab1e mu1tivai1inator, and a 
variable resistor in the monostab1e circuit controls the width of the 
output pulse. The measured pulse is then fed to the input terminal of a 
buffer circuit consisting of a quad k~D circuit. All connections and 
'leads from the supply to the different parts of the circuit are fully 
screened and the power supply terminals are shunted by capacitors to 
prevent interferance from the power supply pulses. The output of the AND 
circuit is transmitted through a co-axial cali1e to the computer mu1ti-
plexor unit. 
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D.l.2 The Pulse Processing Stage 
As mentioned earlier, the transmitted pulse is used to reset the 
time counter, and to provide a positive front-edge pulse as a request 
signal to load the computer register with the output of the time counter. 
The Pulse Processing Circuits operate as explained below: 
D.l.2.l Time Counting Circuit 
To eliminate any distortion arising during transmission, the output 
from the pulse shaping cir~uit is fed to the input of a dual input circuit 
before being inverted and fed to the computer register and the reset 
terminal of the counter. This later circuit uses the output of a 10 ~nlz 
crystal oscillator as a clock pulse for the first input terminal of a 4x4 
bit type 74193 counter. The output of the last bit is used as a request 
to the computer processor, while the other 15 bits are fed to the register 
of the computer. This therefore has a maximum capacity of 32768 counts, 
. 2-7 equ1valent to 3 768xlO s. 
However this time is insufficient to cover the duration between two 
generated pulses at low speeds, and during tests such as plugging or 
dynamic breaking, the counter I~ill overflow and give negative results. 
These readings must therefore be corrected, and this is carried out using 
ooth software and hardlvare. In the software, the negative reading is 
added to twice the maximum capacity of the counter, while in the hardware 
the capacity of the counter is increased 4-fold by passing it through a 
2-stage flip-flop circuit before the counter input. 
I 
! j 
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D.1.2.2 Interface and Computation 
This is the final stage of the Pulse Processing Circuit, where the 
counter output is converted to digital fonn \~ithin the departmental 
computer units (tlultiplexor and Processor of a mD-l COMPlITER). As the 
conversion is non-standard from the computer point of view, it requires 
special treatment, and a special procedure is followed before the 
transmitted signal is fed to the computer. This procedure incorporates 
two special subroutines which handle the interruptions of the processor 
by the transmitted pulses. These subro1.)tines are written in the machine 
assembly language, with the first being called "MOTOR" and the other "MION" • 
Other programs \'/ritten in FORTRAN 4 calculate the speed and the 
torque of the motor, using equations (6.1) and (6.3). Since noise pulses 
occasionally affect the counter readings, especially during 'swi tching 
operations, it is necessary to check the counter readings before proceding 
to calculate the speed. Program "COUNT" has two channels; channel A 
calls subroutine "~IOTOR" and after reading the counter, it calculates the 
actual count in case of overflOW, and stores this infonnation in an array. 
Channel B is used to check the counter readings produced by channel A for 
any subdivision caused by unwanted pulses, and it writes· the counter 
readings in a special file called "DATA". 
A further program called "RESULTS" reads "DATA" and corrects the 
counter readings, calculates the speed samples, and hence the torque. 
Listings of the above programs and subroutines are given in 
Appendix (E. 4) • 
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ftPPENDIX E 
DIGITAL COMPlITER PROGRAMS 
Due to the nature and behaviour of the various motor arrangements 
investigated, several digital computer programs were derived for the 
numerical solution of the different equations describing the motor 
arrangements. These programs used the 4th-order Runge-Kutta numerical 
integration methods for solving the 1st and high-order differential 
equations. Programs of similar nature are presented in a flow diagram 
and the differences in their details are explained in corresponding 
sections. In the flow diagrams presented, the term "intermediate value 
of the variable" which has been use.d within the cycle of Runge-Kutta 
numerical integration, corresponds to the variable I' given in the flol" 
diagram of Fig.(C.l). Additionally, the final value of the any variable 
calculated from either equation (C.S) or equation (C.lO) is used as 
initial value in the next step of the numerical integration. 
The following sections describe the programs used for the various 
machine arrangements. 
E.l BASIC MOTOR 
Digital computer programs Phase-l and DQ-l are devised for the 
numerical solution of the electrical and mechanical differential equations 
of the basic motor, derived in direct-phase and d,q quantities respectively. 
The flow diagrams of these programs are shown in Figs. (E. 1) and (E.2) , 
which show that both programs follow a similar procedure but differ in 
the following: 
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a. In progr'am Phase-I, matrices [LJ and [~;] are updated for any 
change in the rotor' angular displacement e, since they are 
functions of this displacement. In program DQ-l these matrices 
are independant of e. 
b. In program DQ-l, it is necessary to transform the supply 
voltage from ARC to d,q quantities, and to transform back the 
values of the calculated variables from d,q to ABC qu~tities 
whenever it is required. These transformations take place 
within the Runge-Kutta cycle which is included in subroutine 
Runge-l as shown in Fig. (E.3). This subroutine is 11ritten in 
a general form and with arrays of variable dimensions, so that 
it can be used to calculate the transients in the machine under 
various conditions. 
E.2 SECONDARY-CIRCUIT CAPACITOR MOTOR 
The digital computer programs adopted for the calculations of the 
transients in this motor arrangement are modified versions of those for 
the basic motor. For the reasons given in Chapter 3, program DQ-CH2 was 
used for the calculations of the transients in the secondary-circuit 
capacitor motor under the various switching conditions considered. The 
flow diagram of this 'program is the same as that of Fig. (E.2) with 
subroutine Runge-CI!2 shown in Fig. (E.4) is called to generate and solve 
the corresponding differential equations of this motor arrangement. 
Fig.(E.S) shows the flow diagram of program DQ-CR2 devised for 
solving the differential equations,of the secondary-circuit capacitor 
motor, which. are derived in terms of the machine currents. For the reasons 
also given in Chapter 3 this program can calculate the transients 
following the starting conditions only. 
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Listing of the Digital Program Operator 
This program is used for the calculations of the roots of equation 
(3.23). The program starts by reading the values of the machine parameters, 
the rotor-circuit capacitance and the speed on connection to the supply. 
It calculates the coefficients of the equation, and then calls a 
standard subroutine from the Computer Centre library'to accomplish the, 
required calculations. The computed roots of equation (3.23) for 
2.25 kW motor with various values of rotor-circuit capacitance when 
connected to the supply at zero speed, are shown in Table(3.1). 
MA~TER n~ERATJR 
,JNT":GE~ T 
REA I. A" (1 ) • A C ( 1 0) , RE Z (1 0) , I 'U ( 1 0) , CAp ( 20) ,S p ( 1 0) , CAB ( 20) 
DAT,\ O~E 11 :OEO/,P1/~.lEO/,"15/0.15EO/,ZERO /O.(HO/','A1Pl/1.10/ 
OATA NIN 15/,~)UT /61 
JJ=:; 
KK='15 
REA~(5,Z) (CAP(I) ,1=l,KK) 
R[,U(5,.!) (Sp(I) ,I=1,JJ) 
2 FORilAT (SFO,"J) 
PI" ,,1 .. X Ij' .\ ~ F ( P 1 ) 
TOL=X()2,\~F (p1) 
D05 L=l,JJ 
00 (, K=1,KK 
RR=::>.61 
SR=;!.5. 
RL=).3 115 
SL='j.3115 
SRt1::0,296 
RK=,~R/~L 
SK=~RI.SL 
~IG=1.)-~M~*SR~/(RL*SL) 
RKS=RK/~IG 
SK5=SK/sIG 
R5K~RK5 .. ~K 
RSKS=R-:S+S(s 
aB=2.0·~KS+RKS 
20 T=O 
REZ,1) =1'15 
IfIZ(1)=l(RJ 
!FA, L=l 
N=I. 
NN=;j ft 1 
CAB(K)=ChP(K)/18,07 
AA=i,O/(CA3(K)·SL*SIG) 
.. AB:::~K *"A 
AAA:;;RSK+AA 
AIl::~KS*AI\ 
AR(1)=1,O 
AC(1)=O,O 
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AR(;:)=~SKS 
AC(2)=-2.0·Spe~) 
AR(J)=~AA-SP(~)'SP(L) 
ACC'i)=-SP\L)'*B3 
AR(4)=~~-SKS*S?(L)*SP(L) 
AC (,.,=-~p( L)*ilSK 
00 40 1=1,r-! 
40 cOIUINJE 
60 NOF;;N-l 
CALL C02h DF (AR,AC,N,REZ;IMZ;TOL,IFAIL) 
IFCIFAIL.NE.O) GO TO 1 40 
801=fhlF+' 
100 1=1-1 
IF<I,LT,fl) GO TO 120 
PQ=SQRT(REZ(I)**2·I~Z(I)*·2) 
WRlfE(5,99J94)REZ(I),IMZel),PQ ,CAP (K);SP(L) 
GO TO 10) 
120 IF(N,NE.1) GQ TO 50 
GO TO (, 
140 WRtiE(~;~]193) IFAIL 
IF(1.El.20.0R.lfAI~;~E.2) GO. TO 160 
T=T+l 
RE Z \ 1 ) = II r: Z ( 1 ) • AlP 1 • C ~ S ( F l.O A r ( T) * PI) - 1 M Z (1 ) • A 1 PI. SIN ( F LOA T ( T ) *P I ) 
PI Z (1 ) = R r: l ( 1 ) • AlP 1 • sIN ( F LOA T ( T) • PI) .. I M Z (1 I * AlP 1 • COS ( FL 0 A T <T ) * PI) 
GO TO BO 
1(,0 r.r= N-l 
6 CONrtW'[ 
WRliF. (:~Ull f ,(99 )1'0) 
5 C OW,I flJE 
99990 FOR:1AT \ l~l,lX/lX) 
99992 FOR:lAT (HI , l.s~P~DGR~'1 .AI L.;;, 4X,1 OHr'OLV ORDER, !I. I 
99Q93 FOR,IAT' (111 , , Sri ERR)R NUMBi'R,14) 
99994 FORolAT(5x , S(E13 • .5, 2I(» 
STD;> 
END 
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E.S SATURISTOR MOTOR 
On the basis of the analytical methods given in Chapter 4, several 
digital computer programs \~ere developed and tried for the calculation 
of the transients in the saturistor motor. These programs can be 
divided into the following groups: 
a. Programs which calculate the saturistor parameters R
st and Lst 
and then add them to the impedance matrix of the machine. 
These programs are: 
1. Program SATPHASE 
This program is described in the flow diagram of Fig. (E.6) 
which is a modified version of program Phase-I. It calls. 
subroutine saturistor,which is shown in Fig. (E.7) ,for the 
calculation of the saturistor parameters from the measured 
characteristics of Fig. (4.la,b) for the corresponding values 
of the rotor currents. Having calculated the saturistor, 
programs Satphase modifies the differential .equations of the 
motor arrangement and then solves these equations in the same 
way as that used in program Phase-I. 
2. Program SAT-INCREM 
This program follows the same procedure as that for program 
Satphase with the subroutine Saturistor replaced by subroutine 
Incremental which is shown in Fig.(E.S). Subroutine Incremental 
uses the B/H loop shown in Fig. (4.5) of the hard magnetic material 
used in the saturistor core for calculating the corresponulng 
inductance and then uses the power loss/excitation curve shown 
in Fig. (4.6) and calculates the saturistor resistance. Program 
Sat-increl:1 then calculates the transients in the machine in the 
same way as that for program Satphase. 
, 
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b. Programs which calculate the voltage drop across the saturistor 
circuit, and these programs are: 
1. Program SATVOLT 
This program calculates both the voltage induced in the 
magnetizing coil of the saturistor from the rate of change of 
the flux linking the coil and the voltage drop across the 
saturistor resistance which is determined from the pow~r loss/ 
excitation curve of Fig. (4.6). These calculations are actually 
carried out in subroutine Voltage which is shown in Fig.(E.lO). 
2. Program SAT-PARA 
This program is similar to program SATVOLT with the exception 
of the replacement of subroutine Para-volt which actually 
calculates the voltage drop in the saturistor circuit as shown 
in Fig.(E.ll): 
E.4 SELF-EXCITED DYNAMIC BRAKING SCIlEMES 
A suite of digital computer programs were devised for the solution 
of the differential equations of the various braking schemes considered. 
All these programs calculate the transients following starting and 
disconnecting conditions in exactly the same way as that for the basic 
motor (i.e. using the corresponding segments of program Phase-I). 
Transients following reconnecting conditions to any of the braking 
schemes can be calculated according to the general flow diagram shown 
in Fig.(E.12), which is modified to accommodate differences between the 
schemes. These differences are summerized in the follOldng sections. 
E.4.1 Program DIOSHORT 
This program is used for calculating the transients in the machine 
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following reconnection to the diode short-circuit braking scheme shown 
in Fig.(5.3.1). Consequently the following points are considered to 
modify the flow diagram of Fig. (E.12) so that it can be used to calculate 
the transients in this scheme. 
E.4.2 
the applied voltage matrix of subroutine Aux2 shown in Fig.(E.13) 
is set to zero. 
subroutine CONN incorporates all the connection tensor3 given in 
section (5.4.1.1) 
a DO loop of 2 cycles is generated, in the main program, for 
checking the conduction mode of the diodes in the network. 
a 2-state logic variable is assigned for each diode in the 
network. 
Programs DIOPHASE 0,1,2 
These are a set of 3 programs devised for calculating the transients 
in the single-phase braking schemes of Figs.(5.3.2-4). In these programs 
the voltage applied to phase A is equated with that of phase B. Since 
the number of diodes is different in each scheme, the corresponding 
modifications are introduced in each program. 
E.4.2.1 Program DIOPHASE 0 
Since the associated braking scheme contains no diodes, this 
program is the simplest program among this set of programs. It is 
almost the same as program Phase-l except for the change in the applied 
voltage mentioned above. 
E.4.2.2 Program DIOPHASE 1 
Since only one diode is in the network shown in Fig. (5.3.3b) this 
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program follows the procedure of Fig. (E.12) , with subroutine CONN 
incorporating the connection tensors given in section (5.4.2.2). 
E.4.2.3 Program OIOPHASE 2 
Since 2 diodes are connected to the network as shown in Fig.(5.3.4b), 
this program is almost similar to program OIOSHORT, with the following 
exceptions 
the applied voltages across phase A and B are equal 
subroutine CONN incorporates the connection tensors given in 
section (5.4.2.3). 
E.4.3 Program OIOPLUG 
This program is devised for calculating the transients in a 3-phase 
induction motor following the application of the plug-braking scheme of 
Fig.(S.3.5). This program also follows the general outline of program 
Oioshort with the following exceptions 
the stator is fed from a reversed sequence 3-phase supply 
subroutine CONN incorporates the connection tensors given in 
section (5.4.3.1). 
E.5 Speed Measurement Technigue 
The instantaneous speed o£ the machine was measured by means o£ a 
disc/opto-electronic system inter£aced with the departmental Modular 
One Computer as' described in Chapter 6. The computer programs devised 
£or speed measurement may be divided into two groups; 
a. the first incorporates programs MION and MOTOR which are 
written in machine language and used to handle the input to 
the interface of the computer 
.. 
b. the second group, consists o£ programs COUNT and RESULTS 
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which are written in FORTRAN IV. Progr~ COUNT is used for 
calculating the time required by the shaft of the machine to 
move a specific angular displacement. Program RESULTS, reads 
the calculated time results and then calculates the speed and 
hence the acceleration at which the shaft covers this displace-
ment. 
Listings of these programs are given below. 
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'. 
!Y,U I ~: PROGRAM 
; THESF: lIRE THE T,';O ROUT IN~~S .TO HAI'WL-: THF: INPUT FROM THF: 
; MULTIPLE~~R TO DO ~ITH THE MOTOR: THE ~OUTI~~S ARE TO 
; LIE IN PAGE 25 AND THERFORF: REQUIRE A DUMMY PROGRAM TO PROTECT 
; TH':!'.. 
; 
; THE FIRST ROUTINE IS THE USER INTF:RFACE AND IS SET UP SO 
; THAT A USER CAN CALL IT LI~E H NOR~AL EAEC. FUNCTION VIA THE 
; EXEC'DEDLOC~S IB4. EG EXEt L 184. 
; THE ROUTINE EXPECTS THE CALLING PROGRA~,S b REG. TO CONTAIN 
THE AbS. ADDRESS UF THE START UF THE DATA AREA THAT SAMPLES ARE 
; TO bE PUT IN. AND THE M REG. TO CO~TAIN THE NU~bER OF SAMPLES 
; TO bE TAKEN. 
r 
SPEC lflL 
RELSTfIRT 6400 ; STARTS IN PAGE 25 
SETMOTOR:STB P RET ISTORE RETURN DEDLOC~ ADDRESS 
STS L I I TO STOP ANY INTERUPTS wHILE IN S.S. 
LDA L 0 
SHI\ B 3 bET NEGIITIVE OF THE PROGRAMS M REG. 
STA I' COUNT 
~HICH IS THE NUMBER OF SAMPLES TO HE TAKEN 
STORf~ IN COUNT 
l.DA b 2 GET CALLING PROGRA~S H REG. 
~HICH IS THE ABS. ADDRESS OF THE START OF THE [ 
STA /' BUFFADDRl STORE IN bUFFADDR 
THATS IT ."E HAVE SET 
LOb P f<ET 
f<I::TURf\ f' RET 
J!YIP SET!v.OTOR 
UP THE 
LUM.) t:j 
kE1lJ~:N 
VARIAHLES SO EXIT BACK 
.ITH DEDLOCK ADOkESS 
TU NORMAL STATE CALLING PROGRAM 
I NOW THE INTERUPT SERVICE ROUTINE FOR TH~ INTERUPTS FROM THE 
I t',OTOR 
I 
I THIS ROUTINE HAS ITS DEDLOC~S AT 588 (PAGE 2 ~ORD 76) AND 
EV~:RY TIME (,N INTEHUPT CO,,,':,:; IN I T CHECKS "COUNT". IF THIS IS 
I NEGATIVE IT PLACES THE !v.ASTEk ~ORD IN TH~ "ORC ~HOSE ABS. ADDRESS 
I IS IN "!3UPt.llIJR". IT INC·S bOTH BUFFAUDF: AND COUi~T ANlI IF +EI'<O IT SE.' 
I PROGRAM THAT ~AS RUNNING .HEf\ THIS INTEkUPT ARRIVED BY I.(THE IDEA 
I BEING TO MOVE THE CALLING PROGRAM OUT OF ITS IDLE LOOP). 
MOTORISR:STH f' INTRET I STORE RETUf,N DEDLOCK ADDRESS 
STS L I I TO STuP ANY F URTHEf, INTEkUf'T v;H ILE IN 5.5. 
LOt" I' COUNT I GET COUNT 
TST P !v. >0 I NCt', I TEST FOH COUNT >0 AND ALSO INC IT 
JMP ~:xIT I IF >0 THEN I GNOR~: IT 
SFTL S,L,L,I 
5FTL S,L,R,I 
L['·o Ytl 0 
o 
LDJV. YH 0 
::.. ;--! 
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// GET RID OF 81T 15 8Y SHIFTING IT OF THE END 
// 
// LOAD B ~ITH TRUE ADDRESS 
// DUMMY TO MI\K~ UP THt SKIP 4 
// LOAU ~. od TH V/ILU': U~ S"COND PI\f,AJVJETER 
// ~G THE NUMbER OF SAMPLlS ~ANT~O 
LOB PARANI // b~T FIRST PARAMETER 
TST lTSTC B<O SKP4J // TF-ST FOR INDIR~CTION <F.G HIT 15 SET> 
// YES IT IS BY I~DIR~CTION 0 GET TRUE ADDRESS 
SFTL 5,L,L,\ // GET RID OF olT 15 8Y SHIFTING IT OF THE END 
SFTL.S,L,R,\ 
LOB Ytl 0 
o 
// 
// 'LOAD l-J IV I TH THUE I\DDf,ESS 
// DUMMY TO MAKE UP THE SKIP 4 
// H NO~ CONTAINS THE AUDHESS OF TH~ ARRAY IN THE Y SEG. 50 TO FIND 
1/ ,)lJT THE /\HS. f\[)DRESS 0;;- IT \\E USE THE EXEC· FUNCTION "YvALUE" 
EXEC 72 // YVALUE 
EXEC 40 // UEl-JUG IF REJECTED 
// H ~O~ CONTAINS ABS ADDRESS OF START OF ARRAY 
EXEC 184 
SHP I 
LOP LINK 
POOL 
F.NDSECTION 
ENUrv,OOULE 
, ***F 
// CALL SPECIAL ROUTINE TO SETUP THE READING 
// IN OF VALUES FROM THE MOTOR INTERUPT. 
// H CONTAINS nHS. AUDRESS OF ARRAY 
// t·; CONTfliNS NUi':liER OF' SAt':PLES REOUIRED 
// 
// 
// 
// 
// 
j\;O .. \ v:E GO 
TH,: ~.OTOR 
US OUT OF' 
IF ~'. l..: G<:T 
EX IT HACK 
INTO AN IDLE LOOP AND ~AIT FOR, 
INTERUPT SERVICE ROUTINE TO KICK 
IT 
TO HERE wE HAvE GOT THE V~LU~S SO 
TO THE R~ST Of THE FORTRAN PROGRAM 
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// I"{~L SUtc<kOUTlNE TO LIN'< "I TH FuRTkAN4. USE M,Lb TO PROUUCr: GERbIL 
// 
// THIS SUHROUTINE ,CALL~U ~OTOk ,HAS T.O FARA~ETEhS: 
// I) AN INTEGER I UI~.ESlu~AL AkkAY 
// 2) A SI~PLE VAkIA~LE CONTllININb THE NU~~Ek OF SA~PLES 
// THAT ARE kEwUlkEU TO ~E k~{'U INTO THE ARRAY. 
// 
// THE ROUTINE FINUS THE A~S. AUURESS OF THE FI~ST ELF~r:NT OF 
// THE ARRAY AND THEN CALLS TH~ SPECIIIL STAT~ ROUTINE HANDING ACROSS 
// THIS AHS. !IUDRESS AND ALSO THE VALUE O~ THE SECOND PARA~ETER· 
// ON RETUr,i\ING FROI'. TH-r: SP;-CII\L STATE F,OUTlNF TH!:: 1·F-OG;'.r,~; SITS IN 
// AN IDLE LOOP .HICH IT IS '<IC~~D OUT OF ~y THE INTERIJPT S~RVICE 
// ROUTINE wHEN THE RFWUIRED NUMbER OF SAMPLES HAVE HEEN READ IN. 
// FOR AN EXPLINI\TIOi\ OF THE SPECIAL STATE ROUTINES (HOTH THE 
// SOFT~ARE CALLEU ONE AND THE INTERUPT SEkVICE ROUTINE) SEE THE 
/ / ROUT I Nr:S CIILU·.D ",';0 I N". 
// 
// 
V,()DUL E f'I,OTOH 
EXn~RN!IL I",OTOR 
// USE FORTRAN LibRARY SCRRTCH AR~A 
S~CTION SCRATCH IN 2 AT 85 MODE ~ 
LIN~,INDXM'PARAMI' 
S~CTION CODE IN I 
V,OTOR: 
o 
CPY lCPYC 
ADH I 
// DIJMMY ENTRY AS ROUTINE IS ENTERED AT ~ORD 
82 RI"I EI·)V NOT I ) 
STH LINK 
LDA II ND XiV, 0) 
S HI I Ni) XiV, 
LOll YI INDXM 
LDA YB 0 
STA PAHfIt" I 
// INC RETURN AODR~SS TO STEP OvER POINTER 
// AND 5101lE IN LIN~ 
// IIRGIJMENT LIST POINTER 
// GET FIRST PARAMETER 
// GET SECOND PARAV,ETER LDB yB I 
TST (TSTC 
// YES IT 
8<0 S~P4) // TEST ~OR INDIRECTION (EG 
IS RY INU1RECTION SO bET TRUE ADDRESS 
HIT 15 SET> 
.. _-"...... -" " ..... - -.--------~.-.. -.---. 
EXIT: 
FINISH: 
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STt>'. P COUi\T STORE INCEu. COUNT 
LOB P HUFFADDR I GET ~ORD ADDRESS 
STA B 0 I STORE ~ASTEh ~ORD THERE 
TSTL M=O 
JI"IP FIN I SH 
ADB L 1 
I TEST FOR LAST bIT OF DATA 
I YES: SO FINISH 
I INC THE ~ORD ADDRESS 
MW STORE IT STB P FlUFFADDR I 
LDb P INTRETl GET RETURN DEDLOCK ADDRESS 
RETURN P INTRET I RETURN 
JMP t>'.OTORISR 
LD~; L 10 
STM P COUi\T SET COUNT TO p.. POSI Tl VE VALUE 
LDB P INTRET . , . 
LD!". B 0 GET 
ADM L 1 INC 
STM B 0 
J~P EXIT I AND 
I VARIBALES USED BY ROUTINE~ 
RET: 0 
I NTf<ET: 0 
COUNT: 10 
BUFFADDR:O 
M>OINCM:TSTC M>O INCM 
INTERUPED PROGRAr'iS 
IT 
EXIT 
I SETUP OF SOFT~ARE UEDLOCKS FOR EXEC CALL TO 184 
XBASE 1 
RELSTART 184 
ADL SETMOTOR lEXEC L 184 CALLS SET MOTOR 
o 
440 
o 
I SETUP OF HARD~AHE UEDLOCKS FOH t>'.OTOR ISR· 
XBI\Sr: 2 
RELSTAHT 76 
ADL MOTORlSR lADURESS Of MOTOH ISR· 
o 
588 
o 
PROGEI'\U 
lCOMMAND SUMMARY 
I 
lSET MOTOR (184) 
. , 
; 
; 
JDEDLOCK SUMMARY 
; 
B=ABS. ADDRESS Of BUFFER AREA 
M=NUMBER OF SAMPLES REOUIRED 
NO REJECT BRANCH 
lMOTORISR. LOCATION 588 (PAGE 2 wORD 76) 
; 
P VALUE 
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PROGA:-', COUNT 
THIS PROGRAM CALCULATES 
TWO SUCCESSIVE PULSES .AND 
IN DATA FILE OR WRITES THEM 
CORRECTION WHENEVER NECESSARY 
THE ACTUAL TIME' 8ETkEEN 
STORES THESE RESULTS 
OUT FOR INSPECTION AND 
'DIMENSION NA(3000).RUMI2500) 
ISILE =3000 
C ISIZE IS THE NO. OF INTERRUPTIONS. IT IS THE NO. 
C OF PULSES COMNING FROM THE MACHINE. 
v;KITE 1101 ) 
1 FORMAT IIOX. 30H ~HERE TO GO ) 
C TO HEAD THE COUNTER GIVE POSITIVE INTEGER 
C TO T~ANSFARE THE COU~TER READING TO DATA FILE 
C OR TO ":RlTE COUNTER f<EADING GIVE I;JEGATlVE INTEGER 
READ 10.2) J 
2 FOHfr,AT C). 
I F I J) 8. 8. 3 
3 CALL ~IOTOfl I NA. 1 S I LE ) 
t .. rn n: Cl. 4) 
READ 10.5) IDUr'lI-'Y 
C DUMMY READ TO VDU TO HOLD UP PROGRAM. 
4 FORMATCIOX. 30H 1 AM READY ) 
5 FOR£I.AT I) 
1=200 
C LEAVE THE FIRST COUNTER READINGS • CALCULATE THE 
C ACTUAL. COUNTS 
DO 7 NR=I.2100 
1=1+1 
IFINAII).LT.O) GO TO 6 
RUMCNR)=2.+4.*NAC!) 
GO TO 7 
6 RUMINR)=262146.+4.*NAII) 
7 CONT I mJE 
STOp· 
8 t';RlTE Cl, 9) 
9 FORMATIIOX. 40H I AM READY TO TRANSFARE THE DATA 
L=O 
. DO 10 K= 1.200 
.I:'=I+IO*L 
J=IO*X 
L=L+I 
10 i·.RITE 1201 Il L.. 1~'lJr"(Il.r=M.J) 
C STORE THE COUNTER READING IN DATA FILE 
~RITE(3) IRUMCI).I=I.2000) 
11 FOkMATIIIO.IOFII.I) 
e!F<l TE( 2.12) 
12 FORMAT(6H ***. ) 
STOP 
END 
FINISH 
***F 
.,-" . 
) 
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F,ESUL TS PROGHAV, 
THIS P~OGRAM READS TES TIME COUNTS FROM DATA FILE. 
CALCULP.n:S TnE SHM-T J\NGULAR DI SPLfiCEl-iENT FOR OTHER THAN T •. O 
COUNT S IF I T IS REQUI "ED .r T ALSO CALC ULI'.TES THE AVEf,AGE SPEED 
OF THE NACHINE AT ~HICH THE SHAFT COVE~S THAT DISPLACEMENT 
.THEN IT CALCULATES THE AVERAGE TORQUE DEVELOPED BY THE 
MACHINE IT IS ALSO POSSIBLE TO FIND OUT THE TIME AT ~HICH 
THE SPEED BECOMES ZERO DURING PLUGGING CONDITIOS • 
Dlt'JENSION Ti~( 1000).DUi'~( 500). X( 1,0). TORuUE( I,D) •. 
lSP(500).TR(500) .RUM (1500) .DUN (50) 
REViIND 3 . 
LL=O " 
DO 77 KK=I.150 
I'il' = I + I O*LL 
LL=LL+I 
JJ= 10*){K 
77 READ (3.~4) KLL.(RUM (I).I=MM.JJ) 
END FILE 3 
(·.'RITE (1.55) 
~/j FORI':AT () 
55 FORMAT(IOX,~5H 
HEAD (0, II~) NR 
/\J=O.087 
ISIZE=IOOO 
i"If<= /IO/NH 
JH=ISILE/NR 
IAV=280/NR 
1'1=301 Id 5967 
LI\=O.05'~Nf(*PI 
1=1 
SUil,=O.O 
lJO 3 N=I,[AII. 
DO 2 r,'j=l~i'Jr, 
SUlo-;=.c';Ut,j+HU;''';( 1) 
1=1+1 
2 CO,'1INU~: 
DUN(N)=SUC!; 
SUi<=O~Q 
3 CONTINUE 
DO 4 J=ldAV 
sU,,=SUM+DUN(J) 
~ CONT If'/UE 
I\Vl-:=SUiVIAV 
DO 5 l.=I,t~R 
X(L)=ZA*DUN(L)/AVE 
5 CONTINUE 
DO 66 KL=I,IOOO 
66 TM(KL)=RUM(KL+300 ) 
SUt'i=O.O 
1=1 
KR=JR-I"R 
DO I ~OO N= I., JR 
DO 1 I 00 ~)= 1, NR 
SULt,=SlJt·j+n;,( I) 
GI VE [·lE THr: 
.DDD 
VALUE OF Ni'< PLEASE ) 
1=1+1 
1100 CONT! NUE 
DUIV,OJ)=SUM 
SUf-Ij=O·Q 
1200 CONT! NUE 
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C TO F I NO THE MAX. VALUE OF COUNTS I· E, Tn!:: POI NT 
C AT ~nICH THE SPEED IS ZERO 
NI'OINT=O 
Dt'iAX= 1,'1000. O*NR 
DO 1021 J=I,JR 
IFCDU~CJ)-UMAX) 1021,1022,1022 
1022 Dt-;f\X= IJUl''' J) 
r~I'O 1 NI =J 
1021 CONTINUE 
SU=O.O 
t<S=" 
K=O 
1=1 
J=I 
SA=XCJ)*1.0 E7/DUMCI) 
6 CO;'HINUE 
SU=SU+DUNC I) 
Ttl,( I )=SU" 
5I'CI)=SII 
}<=K+ I 
J=J+I 
1=1+1 
IF Cl .EO. NPOINT) KS=C-I) 
SB=X~J).I.O ~7/DUMCl)*KS 
ACC=CSB-SA)*1.0 E7/DUMCI) 
SA=SB 
TOf<rJUE C K) =f\CC *AJ 
TRC I )=TOR(,;lWCK) 
IFCJ,LT,MH.AND.l<.LT,MR) 
IFCJ.EW.MR.AND;K.LT.NR) 
IFCJ.LT.MR;AND.K.EO.MR) 
7 CONTINUE 
J=J-MH 
GO "TO 6 
8 COmINUE 
K=K-MR 
L=O" 
DO 9 fI,=I,MR 
GO TO 6 
GO TO 7 
(,0 TO 3 
IFCARSCTOf\i·ilJECt·..,) .LT.2.0) L=L+I 
9 CONTI NUE 
IFCL.-I",,,) 100,10, ID 
10 "fdTEC Id I) 
11 FORMATCSX.30H TOROUE GI,OUP IS I Gi-JOHED 
'·.ldTEC 1, 112) 
112 FORMATC5X,30H 
GO TO 101 
lOO CONTINUE 
SPEED 
11/1 FOR1'iATC9FI3ol) 
101 IFCI-KH)6,102,102 
IS 
102 ~HITE<2,114) CSPCI).I=I,KR) 
~RITEC2,114) CTM<I),I=I~KR) 
i';Rln:<2,114) CTRCI)'I=I,KR) 
STOP 
***F 
END 
FINISH 
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(a) Equivaient circuit for 3-phase induction motor with balanced 
capacitors in series with the rotor circuit. 
la) 
jx 
T-j 
____ E5 ________________ ~__J=r_-j 
frequency f frequency f 
(b) Equivalent circuit for the above motor with the Totor circuit 
parameters refered to the stator. 
jx 
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5 wc 
_j X/5 2 
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(c) Alternative representation of equivalent circuit (b) for the 
above moto r. 
I d. c. 
jx 
m 
_j X /S2 
c 
(d) Eqivalent circuit for the 3-phcse induction motor under d.c. 
dynamic braking conditions. 
fIGURE (3.1): Development of the" equivalent circuit for a 3-phase 
induction motor with a balanced capacitors in series 
with ·tho rotor circuit. 
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. FIGURE (3.2): ~rotoring performance of 2.25 kW motor with various 
values of rotor-circuit capacitance 
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FIGURE (3.3): Variation of no-load speed with rotor-circuit capacitance of 2.25 kW motor 
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FIGURE (3.4): Variation of the starting torque with rotor circuit·capaci.tance of 2.25 kW motor 
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FIGURE (3.5): Variation of the starting current with rotor circuit capacitance of 2.25 kW motor 
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FIGURE (3.6a): Braking torque-speed characteristics of 2.25 k11 motor for various values of rotor circuit capacitance 
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FIGURE (3.6b): Braking torque/speed characteristics of 2.25 kW motor for different values of direct currents 
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FIGURE (3.7b): Braking torque/speed characteristics of 2.25 kW motor for various values of rotor circuit reactance 
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FIGURE (4.2): Typical voltage and current waveforms' of saturistor 
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(a) Equivalent circuit for 3-phase induction motor with a saturistor 
in series with the rotor circuit. 
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(b) Equivalent circuit for the above motor with the saturistor parameters 
refered to the stator. 
(c) Alternative representation of equivalent circuit (b) for the abo'vB motor. 
(d) Thevenin equivalent circuit of the saturistor motor. 
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FIGURE (7. 39 a) : . Transients following d.c. dynamic braking of motor arrangement III • 
Voltage applied across phase A is (7 5-4.2 Idc)Vdc 
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FIGURE(7. 39. b): Experimental transient following d. c. dynamic braking of motor arrangement III. 
Voltage applied across phase A is (7 S~4.2 Idc)Vdc 
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FIGURE (7 ;40b): Experimental results following d. c. dynamic braking of motor arrangement It I • 
Voltage applied across phase A is (230-13.3 Idc)Vdc 
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Figure (7.41a) Transients following d.c. dynamic bmking of motor 
arrangement II!. 
Voltage applied across phase A is (230-19.6 Idc)Vdc 
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Figure (7.41b) Experimental Transients f'ollowing d.c. dynamic braking of' motor arrangement III • 
Voltage applied across phase A is (230-19.6 Idc)Vdc 
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(7.42a); . Transients following d,c. dynamic braking of saturistor motor. 
Voltage applie~ across phase A is (37.5-2.5 Idc)Vdc 
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FIGURE(7.42b): Experimental transients following d.c. dynamic braking of saturistor motor. 
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FIGURE (7. 4300: Transients following d.c. dynamic braking of saturistor motor. 
Voltage applied across phase A is (7.5-4.2 Idc)Vdc 
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FIGURE(7.43b) Experimental results following d.c .. dynamic braking of saturistor motor. 
Voltage applied across phase A is (7:,5-4.2 Idc)Vdc 
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FIGURE (7 .44a) : Transients following d. c. dynamic braking of saturistor motor. 
Voltage applied across phase A is (230-13.3 Id )Vd . c c 
• • measured 
computed 
.'la .r.~ .S~ i',~~ i·.I~ ." 110." 
.72 .sa .S~ i'.~0 i·.I~ 
, 
, i.2~ 
I 
~i 
11 11 
\ 
Ij i rill I I i 
.......... " ,-
" -. 
,,' 
• i 
. , 
• ,J,., H' 
. , 
, 
',.,. 
" 
" ", . 
i{t·I ;',: 
, 
PI, 
FIGURTI(7.44b) 
, 
'.". 
" 
, '< ~ 
"':, 
, '~ 
,I 
'. 
( 
.. 
~., .. / ;. 
.r' 
.:. '. :' 
.' .".17.==,.,% 
. ~ . 
'" 
It M ry an,.. _ 
Experimental results following d.c. dynamic braking of saturistor motor. 
Voltage applied across phase A is (230-13.3 Idc)Vdc 
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FIGURE ("l.45a): Transients following d.c. dynamic. braking of motor arr;mgement V. 
Voltage applied across phase A is (37.5-2.5 Idc)Vdc 
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FIGURE(7.45b): Experimental transients foll0l1ing d.c. dynamic braking of motor arrangement V. 
Voltage applied across phase A is (37.5-2.5 Idc)Vdc 
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FIGURE ( 7 .46a): Transients fol101~ing d.c. dynamic braking 
of motor arrangement V. 
Voltage applied across phase A is (7 5-4.2 Idc)Vdc 
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FIGURE (7 .46b): Experimental transients following d. c. dynamic braking of motor arrangement V. 
'Voltage,applied across phase A is (75-4.2 Idc)Vdc 
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FIGURE (7.47): Computed transients follO\~ing d. c. dynamic braking of motor 
arrangement I at various periods of supply interruption 
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[C LL], the initial values of the system variables, N=O 
~------------------.. --~ 
Calculate the applil·d voltage, check the 
. direction of the diode current,. set to zero 
currents. in the backward directions 
Increase the time 
\~hen it is necessary 
Use the connection tensor and update 
the networ~ impedance matrix' . 
t .' 
ZU,= [C LL.] [Zpl[CLL] 
Invert the inductance 
tensor [LLL] 
. Generate [RLL] [iLL]', [iLL] t [GLL] [\L] 
and calculate the rate of change of 
the network variables 
Use Runge-Kutta nu:nerical integration 
method for generating ~d solving the 
system differential equations, calculate 
the intermediate values of the variables 
NO 
YES 
N=4 
? 
Calculate thennew values of 
the machine variables 
RETURN /' 
.\ 
,,'-----./ 
FIGURE (E.13);· Flow diagram for subroutine AUX2 
TABLE h!. 
Roots of equation (3.23) calculated for 2.2!; kl1 motor with various values 
of rotor-circuit capacitance 
The root is calculated in its complex form as 
p = a + jb. 
Root Components 
a b P 
"0. 8'.1)~ u2 O.'iOOS 00 O.841E :11! 
"0.591E 02 O.765~ 03 0,'7 (, 7E ~i 3 
"0.591E 0;': .0.:'65E 03 O. fr,7E i3 
"0.853l n 'v. :j3H;.?O 0.05 H ;;? 
"0.5B/.r. 1)2 0.:i35E O.s O.!:I>;'lc 03 
"0.581,[ 02 -0.535E 03 O.5,S\E 03 
"0.85<)1: 02 O.uOOE 00 o.osa 1? 
-0.581E 02 O • .:.76E, OS 0.4i\OE ,13 
"0.5B1L 02 "O.':'76E 03 0.48,E ')3 
"0.8661: 02 O.OOOE 00 O.86~c ·,2 
-0.5i'7[ 02 O.4:\Z( O.S O.I.~~E Q3 
"O.S1?r. 02 .. 0.1.3i!E 03 O.ld~E j?; 
"0.815~ 1J2 O.139t~16 O.B.'SE :) 2 
"O.563E O? 0.328~ 03 O.:S32~ '13 
~O.563C 02 ~O.328E 03 O.3:S?E 03 
"0.;)11[: 02 ~O.72~E •. 15 0.9111: 0)2 
"'O.S))L 02 0.296( 03 0, :SOH ~13 
-O.5~5[ (,2 .O,296E n3 O.lon 13 
~0.935L 02 -O,143f:-1~ O.<;35E ~? 
"0.5431; 01. 0.260[ n.5 o.l.r,5E :)3 
"0;543,; 02 "O.2{'OE 0.5 O.1.6SE ~3 
~O 
.978[ 02 O.vOOE no O.97~E !; 2 
-0,521,. 02 O.219E n3 O.~7.5E \')3 
-0.521;: 02 "v.219E n3 O.22SE ,\~, :5 
"0.118l ()3 -O.IOlE.,)i 0.1111E 13 
-0.420[ HI. O·1 38 ( 0:> .0.145[ ~3 
-0.1,20l \12 -0,13 8:: 03 0.145E 13 
"0. 'I 37r. 11.5 v.3(.7E-?1 D,137E: ;'3 
... 0.324c 02 O.10 SE 03 D.110E ,~ 3 
"0.324[ 02 -0.10SE 03 D,1 nE j3 
- 0.170 L 112 0,6111< 0' O.7t)4E .12 
-O.179i:. 02 -O.631E n(. n. 'fr.I.( 12 
·0.166[ 03 0.192:-09 o.l('SE ,13 
-0.3331: 01 O.156E o~ D.15){ \"':2 
"0.333i:. 01 "0.156E O~ 0.15H: ~2 
·0 1 f 5 ~ 03 v.236E-Ot 0.1 :}H <i3 
" 
-0.2521: 1)1 0.433f. 01 O. :;,11 E ~1 
-O.C!5?l 01 -O ... 3s e 01 0.!t111E :,1 
"0. , nE 03 o.uOO( 00 O.l:)7E 13 
-0.521("0' O • .)OOE OJ 0,521(-11 
-0.4811. 1)1 v,uOOE OJ 0.4i\1E :11 
-0.191'[ Ll3 O.vO O( OJ O,1~7E "J3 
"0.516t."Ll3 o ./11 4C:"~4 0.51 SEw,j3 
-0.I,S6( 01 -0. 191E.~J 0.4i\~Ev1 
-0.197;: 03 0,102£-21 O. 1 ~7 E :13 
-
Capacitance Speed F/ph 
: 0.10~["n O.OOOE 
O.OObE 
0.000f. 
O;~OJE·O<! O.OOOE 
O.OOOF. 
0.0001' 
0.~5C'E"~? O.OOOr 
O.OOOE 
0.000f. 
O,.s.O)EwQ': O.OOOE 
0.000f. 
O.OOOE 
0.5001:-02' O.OOOE 
O.OOOE 
. O.OOOr: 
0, 60')(-0~ 0.000r: 
O.OOOL 
0.0001'. 
0,75JE-~2 O.OOOE 
O.OOOr-. 
O.oOOr 
O.10(JEw~1 O,OOOE 
a.OOOE 
O.OOOE 
o .lO,) E" ~1 O.OOOE 
o.OOOr. 
O.OOOE 
O:;SotE-O, a.OQtH, 
O.OOOE 
O.OOOE 
0.60J(":li O.OOOE 
O.OOO( 
O.OOOf 
O. lOvE Oi O,OOOr 
O,OOOr 
O.OOOE 
O.10vE ~ '. ~, 0.000. 
O.OOOr 
O.OOOE 
,O,10vE H O,OOOr: 
O.OOOr 
O.OOOE 
O,10vE % O.OOOE 
a.OOOe 
O.OaOE 
00 
00 
00 
00 
00 
00 
00 
00 
00 
00 
00 
~O 
00 
00 
00 
00 
OD' 
001 
DO 
0(1 
00 
00 
00 
~ 0 I 
00 
00 I 
'0 I 
00 I 
00 
00 ' 
00 
00 
00 
00 
~:') 
00 
00 
00 
00 
0:') 
00 
00 
00 
00 
00 
TABLE 3·2 .. 
• 
Slip at which breakdown torque of a secondary circuit capacitor motor occurs 
Rotor Circuit 
Capaci tance 
F/ph 
0.006 
0.0075 
0.01 
0.02 
0.03 
0.06 
., 
I 
Slip 
Calculated from equation (3.3~ Determined from Fig. (3.2) 
1.025 1.0 
0.920 0.913 
0.803 0.8066 
0.58 0.58 
0.49 0.48 
0.38 0.3533 
0.37 0.366 
TABLE '4,1 
Specification of hard magnetic materials 
. 
MACNETIC PROPERTI[$ GENERAL PHYSICAL PROPERTIES 
Conditions ror static Conditions for recoil 
Rcman· Coer· Relative wOlking working Max. 
MATERIAL enco civilY Recoil Recoil Bow 
0, (BfI)rnu. H, Pcrmea- Bd/lid Bo/llo Energy Densitv Pro- Mal,;hinabl1ity 
T kJ/ml kA/m bility Od Hd limits 8. 11. limits kJ/ml 9/cm) doced 
",tc: T kA/m pH/m T kA/m IIH/m 
\ 2 3 • 5 • 7 8 9 10 11 12 I 13 I 14 
Colllmux· 1·35 59·7 59 1 ·8 1·17 51 27-20 1 ·1. 52 26-19 16·3 7·35 
Alcomax 11 S.c. • \·37 47 48 2·1 1 ·16 40·6 33-24 1 ·14 41 32-23 12·8 7·35 Hard and Brittle 
Alcomax III S.C.· \·32 48·5 56 2·8 1.07 45·' 29-20 1 ·05 46 27-19 I' 7·35 Grinding only 
Akomax IV S.c. • 1·22 4\·5 62 3·8 0·90 46·2 26--15 0·85 48 22-12 13 7·35 
--j\!comox 11- \·30 43 46 2·6 1 ·10 39 32-23 1 ·075 40 31-23 12·2 7·35 
Cast· Ua,d rmd Brittle Alcomax Ill" 1·26 '3 52 3·1 1·02 42·2 29-20 0·99 43 27-19 12·5 1·35 iogs 
A1comax IV· 1 ·15 . 36 60 4·. 0·835 .3 2&-14 0·69 49 20-10 11 ·8 7·35 Genera!Iv grinding 
only but can bo 
"'!nica (High 0·80 13·5 40 7·0 0·52 26 2&-15 0·375 32 I&- 8 5·2 7·3 drilled with great 
Rcmanence) difficu:tV it ess~n· tial 
""nico (Normal> 0·725 13·5 '5 6·0 0·47 28·8 23-12 0·33G 35 I&- 5 5·3 7·3 
Nni 0·6G 10 46 6·0 0·348 28·. IS- 9 0·215 37 10- 3 4·2 .·9 Hard and Brittlo 
Grinding only 
35%CobaltStccl 0·90 7·5 20 12·0 0·593 12·7 57-35 0-472 15 4&-21 2·6 8·2 Rolled DLfflcolttotap 
or 
3%Cob.,tt$tccl 0·72 2·8 10 18·G 0·42 6·6 100--46 0·325 7.8 69-26 1·0 7·7 cast $uitablt'l for all 
op';:latjo~s wh"n 
8n"car~d 
-.';-:;-.;'.4. ::~'_'Fcroba_ IS' pr~ssed and ,fired ,barlum'·(em: ... [t.<! a' ceramlc~',s;an .. e!e~trJc"l.:··,::":;.:,,:: -<~'9 \:;-Col'Jmn-"O "'i~'';s th'; v-:'Iue~-o(fj" JP.. ~within y';hr-h c)\/er tl5·".i·~{'m:l-ximum: ,_:.:'", " ':~~~,~~~,:ci~~;}~~~'~~~~·~ ~~{;~ ~,;~,,~;~,,~~? .. ~.~?~_i~-:12~·;~_~~ ~ .~~.~_~:~V'~~;!~~~ ::1 ~;'1' ~:r:(:'.~ ';:~\~~~i:~:~;~~~; /CC.'?~ ·.:~~~r~r _ ~"Y _~~ ,~?_~:~~e~:. ?~ /:;:::~::~~.; ;_t.:~ ~-~:;: {;_~:';~~; ; ... :~. :: :.:.~:: ~~;)"Z-:~~ .. : . 
::.~~;.;.-.s.; ~ '.Bon.dt'd:..Ferobs:is. b'!rium.'.fe.r~it!) ~wdar. oonco}d with 1"~bber .or::pN.e ... ,,,:,·~,=:,:;;:-;;' 10 .. ·~:··Ma.Jcinmm recoiL-energy is obtained bY'i"ecoll hom-H».t~·iH;~ it is ~ive'n_': ~. : '.: . 
~~£i~}il~Htr~E~?iiiJ~~~~~~l~~~~~~~l~~~~~~!Jii~:~tj~~i~]~filr~j~~t~~i~{(~1fiiJf~t 
The abqve specifications are obtained from the Technical Bulletin No.1 of 
the Pennanent Magnetic Association - Sheffield, U.K. 
Special properties of A1comax III given in Reference (58) are: 
POl1er loss 10.5 w/cm3 
Flux density 1.17 T 
Field intensity 6.365 
'. 
;, 
Table (4 ,2a) 
Variati(;m o£ the saturistor parameters with the starting current o£ the saturistor, 
Slip· 
1,000 
1.000 
1 .000 
1.01)0 
1.01)0 
1.0\)0 
1,0')0 
1 ,000 
1,01)0 
1 ,I) I, 0 
1 • 0 I) 0 
1,0110 
1 • 0,) 0 
1 ,000 
1 ,QUO 
'1,000 
1.000 
1,OilO 
1 ,000 
1 ,000 
1 ,OuO 
1,01)0 
Torque 
Nm 
15.012 
19.905 
111.355 
21.2115 
21.911 
22.492 
23.5;>5 
24.31\0 
25.0511 
25.555 
26,000 
?6.0n3 
~6.004 
"6.0o,~ 
2f).On~ 
;>"',O()O 
25,996 
7.5.91\9 
25~91.5 
25.701 
25.2('.7 
2.3,1I?1 
\ 
Rst 
I'l/ph, 
113.522 
10.50 7 
12.656 
H,785 
8 01.6 
7'3'13 6: 194 
5.194 
4.334 
3.5117 
2. :5 51 
2 296 
, 2>42 
2 1119 
, 2'178 
2,13 ( 
2.01\5 
7.. O,~3 
1 .833 
1 .3(,11 
0.947 
0.217 ' 
. , 
, Xflt , 
, I'l/ph 
20,635 
11.706· 
14.1(10 
'9.7117 
1\ 964 
8'~14 
(900 
5,7!>6 
4.1128 
3 996 
2'(,19 
2 558 
2:498 
2.4~9 
2.4707 
2.3flO . 
2,322 
2,;>('5, 
2.042 
1 ,524 
1 . C)56 
0.242 
Vol 
cm3 
66.397 
81 .056 
77 .143 
83,66(' 
84, 4K O 
8 4 • 9 65 
1\4.,943 
83.591 
110. 9 00 
76,860 
61..697 
, 63,945 
63.179 
62.399 
62.234 
61.606 
60,7911 
59.917 
56,55/. 
47,023 ' 
16.091, 
10.001 
,Ist ·•· . A 
6.1.55 
9.000 
8.000 
10.000 
10.500 
11 ovO, 
12.000 
13.0uO 
14.0110 
'15,000 
17 OVO. 
17.100 
17.200 
17.300 
17.3':1 
17.4110 
17 500 
1'( 600 
18.0\.1'0 
19.000 
20.0uo 
22,<)1)0 
IM 
A 
18.250 
21.015 
20.180 
21.731 
22 048 
·22'339 
22'846 
23:257 
23 578 
23'811 
2( 018 
24 019 2< 019 
24 019 
24'019 
2;':0111 
24.016 
24.013 
23 992 
23:1179 
23.677 
22.989 
0.898 
0. 11 98, .. 
0.898 
0,1\98 
0,898 
o 898 
0:898 
0,1398 
0.il98 
0.8913 
o 896 
o rl98 
0>398 
0.898 
0,898 
0,898 
0.1\98 
o,~98 
O,K98 
0,898 
0.898 
0.1398 
The volume o£ the hard magnetic matel'ial, (vol) is calculated £rom the roots o£ Equation (4.13). Other 
parameters are calculated from the corresponding equation given in Section (4.3), 
The parameters o£the motor used in this calculation are given in reference (58), 
rst . is the starting current o£ the saturistor motor 
I is the sta,rting current o£ the motor without the saturistor. 
' M, 
Table (4.2b) 
Variation of' the saturistor p;'rameters with the starting current of' the saturistor. 
Slip Torque Rst Xst Vol Ist IM Rst/Xst Nm Q/ph Q/ph cm3 A A 
1 .000 14.463 16.509 '·18.392 59'.182 6.135 ·14 .... 84 0.1198 10,000 19.393 8,9;:6 9.944 68.859 9.000 16.771 O. 8r; 8 
". OC 0 17.B06 10.957 12.7.07 66.787 8.000 16.071) 0.8\18 1'.000 20.837 7,:;\00 8.133 69.525 10.000 17.385 I).IWB 1.000 21.505 6.603 7.356 69.331 10.5()0 17.('61 O. R~:8 ~. 000 22.136 5.969 6.650 68.784 11.000 17. Q 11\ 0.898 1 .000 23.290 4,1159 5.t.13 , 66.(,32 12;000 18.'18n 0.898 hOeO 2/,.299 3.918 4.365 63.067 13.000 18.77'5 O.Rn 1.000 25.161 '3.112 3.467 58.0R/. . 14.000 10.1C3 0.,0,118 1 '. 000 25.877 2.412 2.687 51.681 15.000 19.3n o. B~) 8 1'.OCO 26.865 1. 2 ~ 7 1. 401 34.60t. 17.0CO 1 9 .739' o . 8~' 8 1'.000 26.B98 1.207 1 .344 33.600 17.100 1°.75? 0.8"8 1.0CO 26.931 1.1!i6 
. 1.288 32.5R2 17.200 19.764 I) .IW8 
'1'.OeO' 26.962 1 • 107 1.233 ' 31.549 17.300 1'9.77'\ o.an 1 .000 26.968 1 ,097 1 .222 31.331 17.321 19.777 O.I>.YB ~~OOO 26.991 1 • I) 58 1 • 1 '19 30.503 17.4r.O 19.7811 0.1\\l8 
': • DC 0 27.019 1 .Ov9 1 ,125 29.442 17.5()0 19.7911 0.1'.'113 1.000 27.045 0.9<"2 1.071 28.36f, 17.6nO 19 .IIC'" 0.8\'8 ~" 000 27.136 0.775 0.864 23.9?2 18.000 19.1\3Q 0.8'i8 ~.OOO 27.258 0.343 0.383 11. M9' 19.000 19 .88l 0.898 
These results are calculat~d in the same way as that f'or Table (4.2a) with the exception 
that the motor parameters used here are those f'or 2.25 kW motors. 
, ' 
. -
Slip 
1.000 
1 , 0 t) 0 
1 ,000 
1,O(l0 
1 ,000 
1-,()OO 
1.000 
1.000 
1,Oi)0 
1,000 
1 ,000 
1 ,000 
.1,000 
1 ,000 
1 ,000 
Table 4.3a· .. 
.Variation of the saturistor parameters with the starting tor~ue of the saturistor motor 
Tor~ue 
: l'/m 
10.000 
15.000 
20.000 
25,000 
25,000 
25,7(l(J 
25.700' 
25.1100 
25.8no 
25.900 
25,900 
25.950 
25.950 
26.000 
26.000 
Rst 
rl/ph 
34.003_ 
18.546 
10'.38 4 
0.765 
4.412 
1 366 
3.319 
1 5, 7. 
3:10 6 
1 708 
2.842 
1 1151 
2'666 
2.132 
2 352 
Xqt 
rl/ph 
37. l'IIl2 
20.662 
11.569 
0.853 
4.015 
1.522 
. 3.693 
1 ,<,84 
3: (.60 
1.003 
3.166 
2.062 
2 970 
2:375 
2.620 
46.630 
66.356 
81 .265 
30. 5 30 
81.219 
'46.99;>. 
74.904 
50,240 
73.106 
54.235 
70,561 
56,879 
68,641 
61.534 
64,711 
Ist 
A 
3.79 5 
6.129 
9.0 6 5 
20.41>5 
13.9U3 
19.0U3 
15.3'.13 
1 I) 6/8 
15: 7t!1 
18.2!>7 
16.1 46 
1/ 963 
16' 442 
1 r: 409 
, 6. 9'J8 
IM 
A 
14.895 
18.243 
21.065 
23.551 
23.551 
, 23.8-,9 
23.8-,9 
23 925 
23: 9 7. 5 
23.971 
23.971 
23.995 
23 995 
2<018 
c!4.018 
0.898 
0,898 
0.398 
0.898 
0,898 
0,898' 
0,1\98 
o 898 
0:1)93 
O.R98 
0.1\913 
0,1398 
0.898 
0.898 
0.898 
:-. 
The volume of the hard magnetic material (vol) is calculated from the roots of E~uation (4.14). Other' 
parameters are ca19ulated from the corresponding e~uations given in Section (4.3), 
The parameters of the motor used in this c.alculation are given in reference (58). 
Ist is the starting current of the saturistor motor 
IM is the star.ting current of the motor without the saturistor. 
" 
>. 
1 
I 
-I 
Table(4.3b) 
Variation ot: the saturistor parameters with the starting :t0r.qlle~ ot: the saturistor. 
-... Slip Torque R Xst Vol !s't IM Rst/Xst Nm nnh '. , , n/ph cm3 A 
1>000 10.000 29.332 32.679' 44.402 J.9S7 17..(143 0.898 
1 '. 000 15.000 15.464 '7.2211 60.643 6.4'7 14.7sn 0.898 
1,000 20.000 8.221 9.159 69.301 9. t.OB 17.03:? 0.8'18 ' .. 
1. oe 0 25,000 "3,264 3.637 59.198 1l.'799 19.04i' o . 8'i 8 
hOOO 25,700 2.590 2,885 53.531 14.7'13 19."107 o • 8'1 8 
hOeO 25,800 2,490 2.773 52.511 14.882 19.:~41. '0.8<;8 
1> 000 25,900 2.388 2,660 51.422 15.036 ,9.":8' 0 • .'\'i8 
1 .000 25,950 2.337 2,603 50.849 15.116 1 9 .1'01 0.8\18 
1 .OCO 26,(100 2.285 2.546 50.<'56 15.196 ,9.1·10 O.MS 
10 oeo 26,050 2.233 2,488 49 ,642 <.15.279 19.1.3A 0.8'/8 
1.000 26,100 2. 1110 2; 429. 49 .005 15.363 ,0,1·5'1' 0.1\98 
~ .0 CO 26,175 2.100 2,340 48,004 1'5.493 19.48/. 0.898 '. 
1.000 26.200 2.073 2.309 /47.658 15.5~7 19'.1·91. 0.898 '. 
hoeo '26.250 2.018 2.249 46.943 15.6~7 19.<;1:> 0.808 
1'.000 26,300 1 .963 2.187 46.199 15.719 111.531 0.8'18 
""'iOCO 26,312 1 • 9 50 2 .172 46.015 15.742 19,'>3~ o • 8<; 8 
1~OOO 26.316. 1.946 2.168 45./)58 ~ 15.749 ·1/).~37 O.IW8 . , , 
1 .000 26,239 2.030 2,262 47.099 15.6,17 1 Q. 50A 0.8\18 
HOOO 26,700 1.485 1.654 38.8011 16.565 19.(,70' 0.8\18 
1~OCiO 26,800 1.350 1.504 ;$6.374 16.820 19 .71t\ 0,898 
, .. .-
These results are calculated in the same way as that for Table (4.3a) with the exception that the' 
. . motor parameters used here are those t:or the 2.25 kW motor • 
" " 
. 
TABLE 7.1 
Electrical and mechanical parameters of the machines investigated 
HACHINE A B C 
-
Rated pOlier, kl~ 2.25 4.0 5.6 
Full load speed, rpm 1380 1400 955 
Full load line current, A 9.0 18.0 n.9 
Stator connection I- Delta Delta Delta 
Number of poles 4 4 6 
Frequency, Hz 50 50 50 
Line voltage, v 230 , 230 400 
Full load torque, Nm 15.45 27.29 56.29 
Rs' n 2.5 0.6 2.45 
Rr' n 3.61 1.5 2.45 
L ,L , H 
s r 
0.311 0.1533 0.437 
M, 11 0.296 0.147 0.42 
J, - 2 Kg-m 0.032 0.48392 0.102 
Friction and windage 59+l.5(!)2 
• 1 
o· 0.871+0. ?25 b.06+l.2(!), torque T F&W Nm w (ill w 
w 
Machine A is used as the basic motor for the various investigations 
throughout this thesis 
~lachinEis B and C are used only for the theoretical investigations- of 
the rotor-circuit capacitor motor 
TABLE B.l 
Empirical Distribution of Leakage Reactance in Induction Motor 
Fraction 
/ .. 
of Xl +X2 
Class of Motor 
Xl X2 
Class A . Normal starting torque normal starting 0.5 0.5 
current 
Class B . Normal starting torque low starting 0.4 0.6 
current 
Class C High starting torque low starting 0.3 0.7 
current 
Class D High starting torque high slip 0.5 0.5 
Wound rotor 0.5 0.5 
. . 
DYNAMIC BRAKING ~THODS,FOR INDUCTION MOTOR DRIVES 
K. D. Karim and S. Williams 
Department of Electronic and Electrical Engineering, Loughborough 
University of Technology, Loughborough, U.K. 
INTRODUCTION, Many industrial processes incorporating induction motor 
drives must be capable of braking rapidly, and a number 
of dynamic braking schemes have been devised in recent years l - 5 • Several 
of these involve d.c. injection, and if diodes are introduced into L~e 
motor circuit, ele injection can' be achieved without the use of a separate 
d.c. supply. Since several alternative arrangements of the diodes have 
been suggested, it is the aim of the present contribution to exaluine and 
compare these schemes, under typical operating conditions. Since a trans-
ient solution of the circuit differential equations is required, including 
the effects of the switching deVices, the branch elimination method, in 
conjunction with conventional tensor techniques6 , 'is used to establish a 
digital computer program for each braking scheme. A direct-phase model 
for the induction, motor is adopted and networks with diodes in the stator 
circuit only are considered. 
MODELLING THE DIODE/TIWRISTOR NETl'/ORK: Although several methods of 
modelling diode/thyristor networks7- lO have been devised, 
the branch elimination method was adopted here since it deals efficiently 
with 'the varying topology of the circuit. The method assumes that the 
devices are perfect switches, and those branches containing a non-conducting 
clement will be open-circuit, and may therefore be removed from the nenlori<. 
,\'/hen a branch is eliminated, the circuit configuration changes, and the 
remaining branches form a reduced network. In a similar ""ay I when a device· 
starts to conduct, a new branch must be added to the system. For each 
circuit mode, a set of differential equations can be established, and an 
appropriate mathematical transformation employed to relate the circuit 
variables of one state to another, when a topology change occurs. 
ANALYSIS OF THE TOTAL BRAKING SYSTEM: 
con sidered: 
Three dynamic braking schemes are 
(i) Diode short-circuit braking: where two diodes are used to short-
circuit the motor stator terminals after the supply is disconnected. 
This is shown, in Figure 1 (a) . '
(11) Dynamic braking by a single-phase supply: these schemes are based 
_ on the Siemens SSW connection, where a three-phase motor is reconnected 
to a ~ingle-phase supply while it is running at high speed: and three 
different arrangements are possible: (a) the machine is reconnecced 
directly to the supply, (b) only one diode is connected to the machine, 
(c) two diodes are used. These configurations are shown in Figure l(b). 
(lii) Plug-braking with two diodes, using a three-phase supply. 'The motor 
is reconnected to a reversed sequence three-phase supply, with diodes 
.in two machine phases. This is shown in Figure l(c). 
Analysis of each of these schemes can proceed using the tensor techniques 
first propounded by Gabriel Kron6 • Tha, approach is to form the primitive 
, ' 
! f, 
~ . 
circuit of each braking scheme and to derive a transformation tensor 
linking the currents of the primitive, and connected networks. This 
tensor will be of the form, 
= • • •• (1) 
(where the subscripts i and p refer to the independent and primitive 
networks, respectively). 
This can be used to derive the network equations 
[Vi J = [ZiJ [ii1 • • •• (2) 
from the primitive network tensors using the familiar transformations, 
bJ = [Cp J T vpl (3) 
and [Zi J = Ep f[ ZpJ [Cp] · ... (4) 
When any of the thyristors/diodes in the network changes state, a new 
transformation tensor linking the currents of .the independanc and modified 
system can be established as; 
:[im ] = ~iJ [id. • ••• (5) 
(where the subscript m refers to the modified system) • 
This new transformation tensor can then be used to establish the network 
equations using manipulations similar to equations (3) and (4). When the 
network differential equations are re-arranged in the form, 
(where R 
Lm 
Gm 
m 
• e 
= 
= 
= 
= 
resistance component of the network impedance tensor 
inductance component of the network impedance tensor 
time rate-of-change of inductance component of the network 
impedance tensor . 
motor speed . ) 
their solution can proceed using a standard numerical integration procedure. 
Furthermore, the electromagnetic torque generated by the machine can be 
found from, 
T e = i P [im f l:mj [im J (7) 
This 
For 
torque provides the load 
an uncoupled machine, 
d2e 
= P {T 
J. e· 
torque, and the windage and friction losses. 
where Kt and K2 are the coefficients of friction and windage losses 
respect~vely (and are normally determined from test), P is the number of 
pole-pairs of the motor, and J is the rotor moment of inertia. 
COMPUTER PROGRAM: A suite of digital computer programs has been developed 
for the solution of the dynamic braking schemes 
mentioned above. Within the programs, 
a) Delta-connected networks are replaced by their equivalent star-
connected circuits 
b) The state of each thyristor/diode is checked at the end of each 
integration step. 'on' devices being checked by considering the 
current through them; 'off' devices by considering the voltage 
across them. In this respect, it is convenient to associate 
with each element an entry in a system-state array, this entry 
being zero if the device is non-conducting, ~~d unity otherwise. 
c) The circuit configuration is updated if topology changes have 
occurred, and a variable-dimension matrix within the program is 
used to affect the necessary mathematical transformations. 
Once the correct differential equation's for any particular topology 
have been produced, these can be solved numerically, and in the work 
presented, the fourth-order Runge-Kutta method has been successfully 
employed, 
RESULTS AND DISCUSSIONS: In support of the computed predictions, 
experimental results were taken on a'small, 
3 h.p., 230 volts, 4 pole induction motor. Ultra-violet recordings 
of machine currents were taken for a range of braking situations, and 
the motor speed was measured using signals derived from a toothed disci 
light sensor arrangement. 
Figure 2 shows typical computed and experimental results for the first 
dynamic braking scheme, i.e. diode short-circuit braking. In this 
'arrangement, since no external power supply is provided, the voltages 
(and hence the currents) induced in the.stator windings depend on the 
decaying rotor mmf. Since these stator currents will only flow for 
a short time, the net braking torque will be small and as the reduction 
in speed depends on the ratio of braking torque to the kinetic energy 
of the motor,- the overall reduction in speed is insignificant. 
In the case of single-phase braking, when no diodes are connected in 
the circuit, the motor will continue to run as a single-phase machine, 
and only a pulsating torque is produced. This results in negligible 
braking effect, and the overall reduction in speed is therefore 'slight. 
When a single diode is connected in phase Aof the stator winding, a 
half-wave rectified current flows in this phase, and the unidirectional 
torque produced combines with the pulsating torque of the single-phase 
supply to give a net braking torque. This torque is, however, fairly 
small, and the reduction in speed is therefore not considerable. 
However, when a second diode is added, rectified currents will now flow 
in two machine phases, and the net braking torque is significantly 
increased. Figure 3 shows typical computed and experimental results 
for this arrangement, and the shorter braking time is clearly apparent. 
The third dynamic braking scheme considered was the plug-braking method. 
With the diodes connected as shown in Figure l(c), rectified currents 
flow in two of the machine phases and a non-rotational mmf is produced. 
This generates a torque which acts in ·,ddition to the retarding torque 
consequent upon plugging, and the net braking torque is therefore high. 
Figure 4 shows typical experimental and computed results for this 
scheme, and it is clear that this method results in the most rapid 
reduction in motor speed • 
. CONCLUSIONS: A study has been undertaken of three popular dynamic 
braking schemes, and it is obvious that the plug-braking 
scheme affords the most rapid reduction in motor speed. For all schemes, 
the experimental and computed results are in good agreement, giving a 
high degree of confidence' in the method of analysis chosen. 
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